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In recent years, plasma technology has found its way into a wide and 
diveme array of manufacturing techniques and facilities, ranging from bio- 
medical applications to microprocessor fabrication. In all cases, greater over- 
all efficiency and usefulness can be improved by understanding the fundamen- 
tals of how and why plasmas behave the way they do. In order to achieve 
this understanding, we use a wide variety of plasma diagnostics to perform 
measurements of all the Important plasma parameters. The work presented 
in this thesis is focused on electrostatic probes, in particular, the Langmu~r 
probe, which is arguably the most common diagnostic in the world of exper- 
imental plasma physics. 
Eventhough the Langmuir probe was invented over 80 years ago and was 
the first diagnostic tool used for studying plasmas in detail, it is still widely 
used today. The reason it has survived, even in the presence of more accurate 
and advanced methods, is because no other diagnostic can obtain so many of 
the important parameters in such a relatively simple way. However, in many 
cases the Langmuir probe can only be used a s  an estimator of plasma pa- 
rameters, as its accuracy is questionable, particularly in radio frequency(rf) 
discharges. The inaccuracies are caused by the non-linear dynamics of the 
plasma sheath, which result in an extra dc current component being mea- 
sured. This extra component, AI, results in a difference between the time 
average I-V characteristic and the effective dc I-V characteristic. In 'normal' 
operation, the Langmuir probe only measures time averaged values, and so, 
errors result, such as, over-estimation of electron temperature, T,. 
Compensated Langmuir probes have been developed to try and eliminate 
the d~stortion effect of the plasma potential oscillation on the probe measure- 
ments RF compensation usually involves high impedance inductors placed 
near the tip and a large compensation electrode, both des~gned to make the 
probe tip follow the plasma voltage oscillation, thus reducing it impact on 
the measurements. 
Many semiconductor processing tools use capac~t~vely coupled plasma 
discharges (CCP's) for etching, deposition and sputtering. CCP's gener- 
ally have a large voltage oscillation so the ability to accurately measure the 
plasma parameters under these conditions is highly desirable. Unfortunately, 
even highly compensated probes have difficulty in providing accurate mea- 
surements under most CCP conditions. This 1s because, in practice, it is 
very difficult to achieve sufficient probe impedance relative to the sheath 
impedance and also probe construction can be difficult, especially for com- 
mercial discharges. For these reasons, and others, even compensated probes 
do not give reliable results in plasmas with large voltage oscillations. 
This was the main motivation for the work presented in this thesis - to 
design a probe capable of accurately measuring the I-V characteristics and 
plasma potential oscillations without the need for complex compensation 
techniques. To achieve this goal, a simple uncompensated Langmuir probe 
was mvestigated. A computer model was constructed in MatLab to aid in 
the understanding. A technique was developed in which the dzstortzon-free 
I-V characteristic is obtained from the time-averaged (distorted) I-V trace by 
utilizing the rf data measured through a capacitively-coupled, synchronized 
rf current sensor. This allows phase dependant characteristics to be obtained 
and also allows reconstruction of the plasma potential oscillation, complex 
sheath Impedance and other important properties. 
The probe deslgn and circu~try are relatively simple, thus providing a 
useful diagnostic for probing radio-frequency plasmas. 
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CHAPTER 1 
Overview 
The aim of this thesis is to present an uncompensated electrostatic probe 
technique that is capable of accurately measuring phase-dependant I-V char- 
acteristics in radio-frequency plasmas. 
In rf plasmas, the probe current, I, is a function of both the applied dc 
probe voltage, V, and the osclllatlng sheath voltage at the probe tip, R h ,  
which is a function of time, t, i.e. 
I(V, %hi t )  (lJ) 
where E h  = 6, - V and the total plasma potential, 6, is given by 
6p = SP + 6pyf (1.2) 
where, is the time-averaged plasma potential and 6pFf is the oscillating 
component of the plasma potential, a t  the driving frequency, fd,. 
The effective dc characteristic, IDcef f ,  is found at t = 0, i.e. IDC,,,(V) = 
I (V ,  0,O). Experimentally however, an uncompensated probe only has suf- 
ficient temporal resolution to measure the time-averaged current, T(v) = 
I,,,(V), which has a distortion component AI(V). Therefore, calculating the 
important plasma parameters from I,,,(V) results in distorted values, such 
as, over-estimation of electron temperature, T,, and underestimation of elec- 
tron density, n,. 
- 
I (V )  - I(V, 0,  0 )  = nr(v) 
=+ f ( V )  - A I ( V )  = I (V ,  0,O) (1.3) 
* I a u e ( v )  - n I ( v )  = IDC,,, (v) 
Up until the present time, rf compensation has been the only widely ac- 
cepted method available for obtaining IDce,,(V), but for large oscillation 
amplitudes sufficient compensation is very difficult to  achieve, and so, the 
measured characteristic is usually a distorted version of IDcef,(V). It will be 
shown that there is a fundamental link between the sheath generated har- 
monics and AI, thus allowing IDC~,, ( V )  to be measured accurately without 
rf compensation. This also leads to a more powerful method which allows 
the phase-dependant characteristics to be determined. 
By separating the dc and ac current components, through a slight mod- 
ification of the conventional Langmuir probe circuit, and utilising a phase 
reference at  the fundamental of fdrr it can be shown that 
where YTf is is the measured a.c. current component and 4 is the phase 
relative to  the driving oscillation. Thus, importantly, 
I(V, c<-/,h, 4) = I (V)  + fTf (v, %hi 4) (1.5) 
From I(V, %-/,h, 4), we obtain  ID^,,, at I(V, 0, O), While also the phase- 
dependant plasma parameters are measurable, such as, n,(4), Te(4), 6,(4) 
and f ( E ,  4) (the electron energy distribution function). 
With present methods, these parameters are generally not measurable at 
high frequencies, thus, thls new technique opens up many possibilities and 
allows a deeper investigation of rf plasmas with a simple uncompensated 
probe. 
CHAPTER 2 
Introduction 
At the turn of the 19th century, electrical discharges were already being used 
for various purposes, including lighting applications, but a more detailed 
study of their behav~our only came about around 1924 [I]. It was in this 
year that Irving Langmu~r and Mott-Smith published their work describmg 
a new technique and theory for interpreting the I-V characteristic of a low 
pressure plasma [ 2 ] .  This was the beginning of detailed scientific investigation 
of the plasma state and the b ~ r t h  of accurate plasma diagnostics [3]. 
Today, plasma processing is commonplace in many industrial apphca- 
tions, the best known of which is in the fabrication of microelectronics. With 
the ever-decreasing scale of surface features on etched wafers, the need for 
greater control and accuracy must be matched by our ability to accurately 
measure the plasma parameters. The role of plasma diagnostics is crucial 
in this. One of the major advantages of electrostatic probes is that they 
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can provide localized measurements, unlike most other diagnostics, of which 
there are many, for example, microwave interferometry, laser induced fluores- 
cence and cavity ring-down spectroscopy to name but a few. However, even 
with the plethora of elaborate diagnostics available, the 'simple' Langmuir 
probe is often used as a seemingly easy measure of many of the important 
plasma parameters. 
However, many of todays industrial plasma processors use RF generated 
plasmas, which Langmuir's original analysis was never intended for. The 
oscillation of the plasma potential causes an oscillating probe current, the 
time-average of whlch does not equal the dc current (without oscillation), 
thus, the measured characteristic is distorted. Rf compensation techniques 
have been developed to reduce or eliminate the erroneous effects of the os- 
cillation. In reality, however, the compensation techniques are difficult to 
implement, particularly for plasmas with large oscillations [4] [5] Despite the 
difficulties, compensated Langmuir probes are often used as estimators of 
plasma parameters or indictors of change in operating conditions. 
2.1 The Langmuir Probe 
The probe itself is simple, consisting of a shielded wire, exposed only at 
one end to the plasma. The exposed probe tip is usually made from a high 
melting point conductor, such as tungsten. The tlp is biased by a variable 
voltage source through a low impedance resistor. An I-V characteristic of 
the plasma is obtained by recording the current through the resistor as a 
function of bias voltage. 
From the I-V characteristic, the important plasma parameters can be de- 
termined, such as, the electron temperature, T,, ion and electron densities, n, 
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and n, respectively, floating potential, VF and time-averaged plasma poten- 
tial, Tp [6-81. The electron energy distribution function (EEDF) can also be 
obtained. The I-V characteristic can be divlded into three distinct regions; 
ion saturation, exponential region and electron saturation. Each of these 
regions will be discussed in turn, but first we will take a brief look at the 
development of probe theories used to interpret the plasma I-V charactenstic. 
2.1.1 Probe Theory 
Measuring the I-V characteristic is relatively easy, but interpreting how this 
characteristic is related to the plasma parameters is far more difficult. Lang- 
mulr and Mott-Smlth were the first to develop a bas~c theory which at- 
tempted to brldge this gap. However, even today, over 80 years after their 
work, a completely general theory of current collection to probes still does 
not exist. 
The simplest approach to probe theory is to assume a Maxwell-Boltzmann 
electron velocity distribution, to neglect plasma disturbance by the probe 
and particle coll~sion effects, and to assume a completely absorb~ng probe, 
1.e. every attracted particle that enters the sheath is assumed to be collected. 
Under these conditions, the total current, I, in the electron retarding region 
of the I-V curve, i.e. below the plasma potential, is glven by 
where; I,,, is the constant ion current and the negative sign indicates pos- 
i t~ve ion collection. Ieaat 1s the saturation electron current which decreases 
exponentially for sheath voltage, K h  < 0, where Kh = CDp - Vbzas Te is in 
electron volts. 
For an ideal planar probe, whose sheath width expands with sheath volt- 
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age, but sheath area remains const,ant, the collection area of the probe does 
not change throughout the I-V characteristic, and so, the electron and ion 
saturation currents are given respectively by, 
and 
where, A, is the probe collection area, no is the plasma density (no = n, = 
n,), n, is the sheath edge density, which is approximately 0.61 times no [9]. 
6 is the average thermal velocity of the electrons ( = J-). v~ is 
the Bohm velocity, given by, 
where, Mt,, is the ion mass, T, is in eV. 
Equation 2.4 is valid for T,,, << T,. The sheath edge is often defined as 
the point a t  which the ions reach va, after gaining energy in the presheath. 
n, must always be less than n,,, within the sheath, so this energy gain in 
the presheath is necessary in order for the current fluxes to balance. 
Equation 2.1 shows that the total current collected by the probe is a combina- 
tion of ion and electron current. For Vbzas < a,, the ion current to the probe 
is essentially constant (so I ,,, = I,,,). When Kh > 0, i.e. when the bias 
voltage goes above the plasma potential, the electron current is no longer an 
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exponential function of voltage as it begins to saturate. The current above 
@, is thus given by equation 2.2. 
Equations 2.2 and 2.3 are only valid for an ideal planar probe, whose 
sheath wldth varies as a function of bias, but collection area remains con- 
stant. Most probes for plasma research are cylindrical in nature, due to sim- 
plicity of construction and less of a perturbation effect than planar probes 
[lo].  In reality, the planar sheath tends to take on a hemispherical shape at 
large voltages [lo], thus causlng non-ideal results. For cylindrical probes, the 
collection area is a funct~on of sheath voltage. As the collection area grows 
with bias, the current tends not to saturate as it does in the ideal planar 
case, but instead, increases approximately as a square-root dependance on 
VSh The effectwe collection area of a cylindrical probe, Ae f f ,  is given by, 
where A, is the probe tip area, p, is the probe tip radius and dSh is the 
sheath width given by Child's law [9], 
where Ad, the Debye length, is given as (e,T,/en,) and n, 1s sheath edge 
density. 
Equations 2.2 and 2 3 therefore need to be modified for cylindrical probes 
so that sheath expansion is taken into account. The fact that the sheath 
expands with Vah is a good demonstration of the collective behaviour of 
plasmas, as the sheath changes to shield out the increasing electric field from 
reaching the quasi-neutral bulk plasma. 
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For large negative biases equatlon 2.6 is valid, so when used in combina- 
tion with (2.5) and substituted into (2.3), an approximate value for the ion 
saturation can be obtained. However, a more valid equation to use is that of 
Laframboise [Il l ,  which has been parameterized by Steinbruchel [12] as, 
The term in square brackets is essentially a correction factor to the saturation 
lon current, where the values 'a' and 'b' depend on the ratio of rp/Xo For 
cylindrical probes, with ?-,/AD < 3, a and b can be approximated by 1.13 
and 0 5 respectively [lo]. 
Equation (2.7) gives the orbltal motion limited ion current to a cylindrical 
probe in a collisionless, Maxwellian plasma. Orbital motion limited(0ML) 
theory, was originally developed by Mott-Smith and Langmulr [2] to  take 
account of the fact that for cylindrical probes, ions entering the sheath with 
a particular angular momentum may actually miss the probe, even-though 
they are attracted to it. The effects of collisions are ignored A sheath is 
generally considered collislonless if the sheath thickness, Ad,h (= dSh - r,) is 
less than the mean free paths of either ions, A,,,, or electrons, A,. 
Laframbolse [ll] extended this model t o  mclude the shape of the electric 
potential distribution in the sheath and presheath, which depends on the ra- 
tio of ion to electron temperature. This provides an exact numerical solution 
to the equations governing ion collection in collisionless sheaths. Laframboise 
calculated ion and electron saturation currents for various ratios of (r,/ AD,), 
assuming a non-collisional sheath. Equation (2.8) gives the electron satura- 
tion, where again, the terms in brackets represent a correction factor for the 
sheath expansion and the coefficients /'3 and y depend on the ratio T,/XD. 
There is still some controversy over the range of applicability of this theory. 
It is known [6, 7, 101 that Laframboise theory may overestimate Ion densities 
even in the presence of very weak collisionality. This is due to the destruction 
of ion orbits. Thls theory therefore glves an upper l lm~t  o the collected ion 
current in the low pressure regime. The electron collection is not nearly as 
affected by collis~ons, due to the higher temperature and mobility of the elec- 
trons. Also, electron current 1s collected near the plasma potential where the 
sheath width may be vanishingly small, so sheath expansion effects have less 
influence. For theses reasons, electron currents calculated with Laframboise 
theory can be considered much more accurate over a wider range of appli- 
cability than the ion current. Ions are therefore more likely to  be affected 
by sheath expansion effects and collsionality, necess~tating a more complex 
theory. Electron dens~ties calculated from this theory are accurate up to 
about 20 mTorr. Thls has been shown in many pubhcat~ons, [7, 10, 13, 141, 
by comparing the measured ion and electron densities in quasl-neutral plas- 
mas. The calculated ion densities however, are higher, even under cond~tions 
where Laframboise theory is expected to be vahd, i e. 
dsh << (Azun, Xe)r X D ~  << (Xzonr Xe) and ( r p / X ~ e )  < 3. 
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Laframboise theory, but may st111 be overestimated by a factor of 2 [lo]. 
However, the fact that this theory appears to give more realistic ion current 
values, does not necessarily mean that its physlcal picture is the correct one. 
Chen [5] gives reasons as to the validity of this radial motion theory over the 
orbital motion type theories of Langmuir and Laframboise. 
Recent work by Pletnev and Laframboise [16] has re-examined the orig- 
inal theory of Laframboise [ll], extending it to include collisions within the 
sheath. Charge exchange collisions, elastic ion-neutral collisions and elas- 
ticlinelastic electron-neutral collisions are considered. They have compared 
their theoretical results to the experimental data of Sudit and Woods [lo], 
which showed that collsionless theory breaks down when A,,, - d,h. The 
new collisional theory is in agreement, however, it predicts that breakdown 
occurs much sooner, 1.e. even when A,, > d,,, collisional effects can domi- 
nate. They found that the validity of the original Laframboise collisionless 
theory is not guaranteed by the conditions dSh << A,, or r, << AD, because 
the path lengths can be greatly increased by angular momentum conserva- 
tion between colhsions. An increase in trajectory length also increases the 
probability of collision. Collisions thus play a more important role, even 
in conditions where they would not previously have been expected. Also, 
an increase in sheath width allows more orbital paths to become possible 
and increases the average trajectory length, thus the possibility of colhsion 
is further increased. Very long trajectories, representing quasi-trapped ion 
orbits, increase the ion density in the sheath, leading to a sharper potential 
variation. This coKisiona1 model also shows that the potential distribution 
of the sheath does not change significantly when angular momentum effects 
are removed, but the density of ions near the probe is greatly increased. This 
may help explain why radial motion theories give higher, apparently more 
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accurate, ion currents (under certain conditions). 
Provided the probe potentla1 does not exceed 40V positive or negative, 
collisionless theory has been shown to be valid for electron current measure- 
ments over a wide range of densities [6, 7, lo]. For the ion currents to be 
correctly determmed from collislonless theory, assuming the pressure is less 
than 20 mTorr, the density must be sufficiently high. In all other cases, col- 
lisional effects must be included. This can be partially explained by the fact 
that higher density gives a smaller sheath width and since the sheath width 
is an important collis~onality parameter, both density and applied bias may 
alter the range of applicablllty of collisionless theory. 
So, after many years of investigation, there is still no angle theory which 
can be simply applied m all situations, however, this new coll~sional theory 
of Pletnev and Laframboise [16] seems to offer the most accurate solution to 
date. 
2.1.2 I-V characteristic: Ion Saturation Region 
Figure 2.1 shows the I-V characteristic of an ideal planar probe and also, the 
more typical, non-ideal characteristic of a cylindrical probe. 
When the probe is biased negatively with respect to the plasma potential, 
positive ions are attracted and electrons are repelled. For a perfect planar 
probe, where collection area is not a function of bias voltage, the ion current 
is essentially constant for Vb,,, < Vpl,,,,. At sufficiently large negative po- 
tentials, the measured current will be entirely from ions as the electrons do 
not have sufficient energy to cross the sheath and get collected by the probe. 
A further increase in bias will not increase the collected current, i.e. the ion 
current saturates. 
In practice however, we rarely see this saturation condition exactly as 
2.1 The Langmuir Probe 
x ID-= DC I-V Charamer~sr~c 
Figure 2.1: I- V characterzstzcs for planar and cylindmcal Langmurr probes 
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planar probes suffer from edge effects and also hemispherical distortion of the 
sheath edge as a function of bias voltage. Guard rzngs are often used to reduce 
edge effects, thus, allowing planar probes to produce I-V characteristics with 
more complete saturation regions. Great care is needed in their construction 
to ensure this experimentally. 
For cylindrical probes, the sheath radius, and consequently the sheath 
area, changes as a function of bias voltage, thus collection area changes. 
Cylindrical probes are easier to coilstruct and were used in all the experi- 
mental data presented in this thesis. For that reason, we will only discuss 
cylindrical probes for the remainder of this thesis, unless stated otherwise. 
Because Aeff  increases with bias, as saturation is approached the collec- 
tion area grows and more current is collected, thus incomplete saturation is 
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achieved. 
Using ion saturation current, I,,,aa,, we can estlmate the ion density, from 
equation (2.3), assuming we know T, and m,. However, in order to measure 
T, accurately, we must first subtract I,,,,, from the exponential region of the 
I-V characteristic. Fitting the data to a theoretical curve is perhaps better 
PI [171. 
2.1.3 I-V characteristic: Exponential Region 
If the probe is in ion saturation and the sheath voltage is reduced, i.e. d the 
bias voltage is made more positive with respect to the plasma, initially, only 
the higher energy electrons may have enough thermal velocity to penetrate 
the sheath completely and get collected by the probe. As VZh 1s reduced 
further, more and more of the electrons will have enough energy to overcome 
the reduced repulsion of the sheath. At some point in bias, depending on 
the exact shape of the electron energy distribution function, the majority of 
electrons will make it to the probe. Because electrons have a much hlgher 
thermal velocity than the ions, it is the electron current that dominates. Ions 
are still being collected at approximately the same rate as in ion saturation, 
however, thelr signal is swamped by the larger electron current. 
A small change in bias voltage (2-3 volts) can drastically effect the number 
of electrons collected by the probe. The electron current is an exponential 
function of bias voltage. The exponential region can be used to calculate 
the mean electron temperature. This is done by first subtracting Itonsat from 
the total measured current to reveal only electron current. A semi-log plot 
of electron current versus blas voltage yields a straight line in the electron 
retardation region (assuming a maxwelllan distribut~on). The inverse of the 
slope of this line gives T, in electron volts (eV). The T, calculated from this 
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method is clearly very sensitive to the exact shape of the exponential region of 
the I-V characteristic. Anything that alters this region will drastically affect 
the accuracy of the measurement, such as, a deviation from a Maxwellian 
distribution or the effects of time averaging an oscillating current (section 
2.2). For the collisional case (h~gher pressures), the electron current may 
change more slowly with bias than exponential. In this case, the semi-log 
plot will not be linear making T, measurement less accurate. In this situation, 
diffusive models like that of Rozhanski[l7] and Strangby[l8] may be applied 
to ~eveal the correct electron temperature. It should be noted here that 
T,,, should in pnncipal be measurable in a similar way, but in reality we 
are limited by the fact that T, >> T,,,, and because I%,, is only weakly 
dependant on T,,,. 
2.1.4 I-V characteristic: Electron Saturation Region 
As the bias voltage approaches the plasma potential, the sheath voltage ap- 
- 
proaches zero. At Kzas = BP , the probe is at the same potential as the 
plasma, so no sheath forms (at least in a dc plasma). The collection area then 
becomes that of the probe tip area. Because there is no sheath, electrons and 
ions are neither attracted nor repelled, they simply collide randomly against 
the probe tip. Again, because of the higher thermal velocity of the electrons, 
it is I, that dominates. 
As the bias is increased further, the probe looks positive with respect to 
the plasma and so electrons are attracted while ions are repelled. Equat~on 
2.8 can be used to calculate the saturation electron current as a function of 
bias in this region. 
The transition from exponential to the Ie,,, region also marks the position 
of the plasma potential. This is usually seen as a 'knee' in the curve, (see 
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figure 2.1). In a dc plasma, the knee can be quite distinctive, so $ can 
be determined easily and accurately, however, as we wlll see later (section 
2.2), in an RF plasma this is generally not as easy. , is determined by a 
linear extrapolation from the electron saturation region and an extrapolation 
from the exponential region. The point at which they cross is ,. This may 
be somewhat easier to identify on a semi-log plot. It can also be identified 
by the peak of the first derivative, or the zero crossing point of the second 
derivative, of the I-V characteristic. In theory, the second derivative should 
have positive and negative peaks, both at, or at least very close to, the 
zero crossing point. In practice, very high signal-to-nolse ratlo is required to  
obtain accurate second derivatives. This is usually accomplished by a large 
number of averages per point. 
Another method for directly obtaining the second derivative will be de- 
scribed, in section 3.2, where an accurate second derivative is important, as 
it can also be used to calculate the EEDF, via the Druyvestyn equation. The 
integral of the EEDF gives n,, and using this, the effective electron temper- 
ature can also be obtained. This method of determining both n, and Teff 
has a number of advantages, such as, it is valid for any convex probe geom- 
etry [19] and for any isotropic electron velocity distribution, it can measure 
non-Maxwellian d~stributions and it is not dependant on the ratio r,/XD or 
T,,/T, [20]. The EEDF method is often assumed to be the most accurate 
method [6, 171, however it requires 3p to be known accurately, which may be 
difficult to determine from the I-V characteristic, especially in the presence 
of rf. 
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Figure 2.2: Szmulated phase-dependant I- V characterzstzcs wzth plasma potentzal 
oscillatzon of IOV. 
2.2 Time-averaged distortion 
If the measured current to the probe is time dependant, then the time- 
averaged I-V characteristic will not appear as it does at t = 0. The 'shape' 
of the curve, and consequently the calculated parameters, suffer from distor- 
tion. This is probably the largest single source of error for Langmuir probe 
traces in plasmas with oscillating voltages. 
In a rf plasma, the probe will be swept by the plasma potential oscilla- 
tion amplitude at the driving frequency of the plasma source. Because this 
frequency is generally in the megahertz range, the probe experiences many rf 
cycles at each dc bias point in the I-V characteristic. Figure (2.2) illustrates 
how the I-V characteristic changes as a function of phase. 
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x 10- 
I Probe Current vs. Bias Voltage 
Figure 2.3: Szmulated tzme-averaged tmce(czrcles) compared wzth dc charactews- 
tzc(dots). The average zs calculated from figure 2.2, where the osczllatzon amplztude 
2s 10v 
The non-linear nature of the sheath means that the time average of this 
oscillating trace does not equal the dc (or t = 0) trace. In a conventional 
Langmuir probe set-up, only the time averaged values are measured, and so, 
m the case of rf plasmas, we get a distorted characteristic (See figure 2 3). 
The distortion factor increases with the ratio (6,vf/~,) [21]. When the ratio 
is less than un~ty, the distortion is generally negligible, at least for calculation 
of T,. The source of the problem is that the non-linearity causes an extra 
current component, AI, for a given dc bias voltage. This extra current is 
added to the normal  dc probe current. 
If the current is averaged over one period of oscillation, the resultant is not 
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Log (I,) vs. Bias Voltage 
Figure 2.4: Szmulated T, measurement wzth DC Charactemstzc. The tzme- 
averaged trace zs shown for comparzson. L1 and L2 are lznear fits. The DC trace 
yzelds the correct dc plasma potentzal and approxzmately correct T, values, whereas 
the same procedure on the tzme-averaged trace would return a senous error on both 
measurements. 
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equal to the t = 0 (effective dc) trace, as shown by figure 2.3. The resultant 
time-averaged trace appears more linear than the dc trace, particularly m the 
exponential region. This leads to serious over-estimation in the calculation 
of T,, as shown in figure 2.4. 
So called rf compensatzon techniques have been developed to combat the 
source of this time-averaged distortion. 
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the amplitude of oscillation experienced-by the sheath. 
One of the most common methods is to employ high impedance inductors 
as close to the probe tip as possible. Thls was first shown by Gagne and 
Cantin [23]. The idea is to make the oscillating voltage drop across the 
inductor, as opposed to the sheath, in an rf voltage divider type arrangement. 
By doing so, the sheath oscillates to a smaller extent, resulting in a smaller 
amplitude oscillation in collected current. Effectively, the probe follows the 
oscillation, thereby reducing its impact. The dc currents can still flow as the 
inductors should have a relatively low dc resistance 
In order for t h ~ s  to work in practice we must therefore have an inductor 
impedance, ZL, much greater than the sheath impedance, Z s h .  Chen [4], and 
Godyak [24] show that the conditions for sufficient compensation are: 
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more difficult as 6pv, increases. 
In order to achieve such high impedances, high Q-factor, self- resonant 
inductors are used [25-271. These may be frequency tuned slightly by adding 
external capacitance, but generally at the expense of impedance. Because 
the desire is for high impedance, we need a hlgh Q-factor to achieve this. The 
difficulty here is that a high Q-factor implies a very sharp rise of impedance 
over a very narrow frequency range so if the inductor becomes de-tuned for 
whatever reason, the impedance at the desired frequency may be significantly 
reduced. 
Tuned inductors are extremely sensitive to stray capacitance. This is ev- 
ident from the fact that placing a tuned inductor inside the ceramic shield of 
the probe can significantly alter its resonant frequency, thereby changing its 
impedance. Similarly, the probe may experience a difference in capacitance 
to ground when the plasma is on as opposed to when it is off. Building in-situ 
variable inductors is very difficult. 
Also, if the inductors are placed near the probe tip, they will be ex- 
posed to variations in temperature, which again can slgnlficantly change the 
impedance. In-situ cooling of the inductors is possible, but difficult and com- 
plicated to achieve. Another obvious problem is in getting the inductors as 
close to the tip as possible, whlle also maintaining a small probe cross section. 
Because of the problems associated with generating a high rf impedance 
on the probe, compensatzon electrodes can also be used in conjunction with 
~nductors. Compensation electrodes are basically large surface-area conduc- 
tors attached to the probe, in contact with the plasma. They are capacitively 
coupled to  the probe tip so they do not add to the measured dc probe cur- 
rent. The compensation electrodes simply increase the surface area of the 
sheath from an rf point of view, thus increasing the sheath capacitance, and 
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so, reduces Zsh. This reduced sheath impedance thereby reduces the neces- 
sary value of ZL. However, extra electrodes add to the overall dimensions 
and complexity of the probe. The question also arises as to what extend the 
measurement is local if large rf collection areas are implemented. 
Reference electrodes are also used as indicators of distortion caused by 
drawing probe current from the plasma. In electron saturation, the current 
may be high enough that electron density in the vicinity of the probe becomes 
depleted. This causes a reduced electron saturation and also may distort the 
plasma potential, pushing it higher than it normally would be. This effect 
can be observed by simultaneous monitoring of the floating potential. If a 
change is observed, this can be then taken in to account in the analysis[6]. 
Rf compensation techniques have been shown to improve the Langmuir 
probe traces in some rf plasmas [5, 261, however, as the amplitude of os- 
cillation increases, the requirements for sufficient compensation become ex- 
tremely difficult to achieve in practice, and so, even compensated probes 
may suffer from distortion [25]. Part of the difficulty is that usually, in order 
to determine if a probe is properly compensated or not, it must be com- 
pared with another probe. Obviously, unless at least one of them is perfectly 
compensated, then the true measurement may not be known. 
Another popular method is to use a 'driven' probe, in which the probe is 
driven with an out of phase oscillation at the same amplitude as the plasma 
oscillation. In this way, the effective oscillations can be made to cancel each 
other out at the tip [28, 291. This is quite complicated however, and gen- 
erally requires an accurate measurement of the plasma potential oscillation, 
such as that from a large area loop probe [24]. It may also be used without 
knowledge of the plasma oscillation by iteratively adjusting the amplitude 
and phase such that the measured floating potential reaches a mmmum. 
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This indicates that time-averaging effects have been eliminated or at least 
reduced. However, the harmonics must also be compensated for, adding to 
the complexity of this system. 
The work of Oksuz and Soberon [21], Crawford [30], Boschl and Mag- 
istrelli [31], Garscadden and Emeleus [32] show how oscillations cause distor- 
tion but also show how uncompensated probes can give reasonably accurate 
estimates of T, for moderate oscillation amplitudes. However, some of these 
references also require knowledge of &,Tf, which can be obtained in con- 
junction with a fully compensated probe, which defeats the purpose. Also, 
these techniques are usually limited to the higher energy tail of the distri- 
bution, where it is already obvious that the higher energy electrons will be 
less affected by the oscillations. So, in general, some form of compensation is 
required, even for small oscillations in plasma potential (relative to T,) [33]. 
Additional sources of error which have not been mentioned are surface 
contamination, secondary emission, perturbation effects, reflection of elec- 
trons, external circuitry and oscillations, as given by Chen [4], Hershkowitz[34] 
and many others, [6-8, 20, 22, 281. 
Finally, it should be noted that there are many other forms of invasive 
electrostatic diagnostics, such as, double Langmuir probes, emissive probes 
and resonance probes, each of which is generally more complicated than a 
single Laiigmuir probe and also suffer from many complications. These more 
complex diagnostics were essentially developed to alleviate the difficulties 
in measuring certain parameters with single Langmuir probes, but equally 
they have their own problems and limitations. In effect, these diagnostics 
demonstrate the potential beauty of Langmuirs original technique, a single 
piece of wire which can determine practically all of the important plasma 
parameters. Today, this is somewhat overcomplicated by the need for rf 
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compensation and incomplete theories for current collection, but as we shall 
see (sections 3.2 and 6), at least one of these issues may finally be overcome 
in a relatively simple way. , 
2.4 Summary 
The main theoretical difficulties involved in matching the plasma parameters 
to the measured probe currents have been described. Many issues have been 
ignored, such as, the effects of multiple species, negative ions, magnetic fields 
and non-Maxwellian EEDF's, all of which are valid points of interest for 
todays industrial plasmas. However, as demonstrated, even in its simplest 
theoretical form, 1.e Maxwellian low pressure, collisionless sheath etc, the 
Langmuir probe is anything but simple. The information contained in the 
I-V characteristic has also been explored, demonstrating the potential power 
of the technique and its usefulness which has ensured its continued use for 
over 80 years. It is the effect of oscillation which has been the main focus of 
this thesis. This effect on the measured current has been explained and the 
general difficulty and inadequacy of previous radio frequency compensation 
techniques have been described. 
CHAPTER 3 
Sheath Generated Harmonics 
The effects of oscillations on the I-V characteristic were shown in chapter 
2 In this chapter, we show exactly how and why time-averaged distortion 
occurs in uncompensated probes and how it is linked to the probe current 
harmonics generated by the sheath. It is understanding this relationship 
that allows the time-averaged distortion component to be separated from 
the total measured current, thus allowing undistorted I-V characteristics to 
be obtained without rf compensation. 
3.1 Non-linear Sheath Impedance 
The sheath formed around a probe can be simply modeled as a resistor, Rsh, 
in parallel with a capacitance, Csh The total impedance of the sheath, Zshr 
is then (xc,~-' + ~ ~ h - ' ) - ' ,  where XcSh is the reactance of the sheath capac- 
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itance. The current collected will therefore consist of two components; direct 
current (real), and displacement current (imaginary). The resistive component 
can be understood simply as conventional resistance to the flow of charge car- 
riers to the probe. The displacement current is caused by the oscillation of 
the charge carriers about the mean sheath width. 
At large negative biases, all electrons are repelled while the ions are read- 
ily collected by the probe. This implies that the impedance depends on the 
sign of the carrier, similar to the behaviour of a diode. The sheath, formed 
between the plasma and probe tip, thus behaves as a non-linear impedance. 
3.2 Harmonic generation and time-averaged 
distortion 
An electrically floating surface will attain a dc potential (floating potential) 
when immersed in a plasma because the more mobile electrons initially arrive 
at that surface before the ions can respond. This floating potential depends 
on the ratio of the electron to ion mass. If an rf potential is applied to this 
surface, through a dc blocklng capacitor, it has the effect of increasing the 
dc voltage across the sheath. This is a necessary requirement in order for the 
electron and ion fluxes to remain balanced and is known as the 'rf self bias' 
effect. Sturrock [35] was the first to propose an accurate mechanism for this 
effect. He showed that the non-linear properties of the sheath causes voltage 
rectification, wh~ch generates a time-averaged dc term, which then adds to 
the measured floating potential of an insulated probe. 
In the absence of a blocking capacitor, the increased dc current due to 
this rf effect is known as rectzficatzon current. The relationship between rf 
amplitude and self-bias was also shown by Garscadden and Emeleus [32] RF 
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Figure 3.1: Illustratzon of harmonzc generatzon caused by non-lznear sheath 
zmpedance The resultant waveform clearly has a non-zero tzme-averaged value. 
sheaths are thus wider than for dc plasmas. 
The rectifying action and non-linear behaviour of capacitive sheaths has 
also been detailed by others [9, 361, but here we wish to examine these non- 
linear effects on Langmuir probe I-V characteristics. 
Illustrated in figure (3.1), it is clear that an oscillation of the non-linear I- 
V characteristic must generate harmonics in the observed current. The effect 
of these harmonics is to create area-asymmetric current waveforms at each 
bias voltage, which therefore, must have non-zero time-averaged components, 
AI(V). In this case, the total time-averaged current measured by the probe is 
some unknown ratio of the desired dc current,  ID^^^,, plus AI. This being the 
situation, it seems logical that there should be a fundamental link between 
A1 and the harmonic amplitudes generated by the sheath. 
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Sloane and McGregor [37] were the first to propose a link between the 
sheath generated harmonics and an associated dc component. However, this 
aspect of their work appears to have been largely ignored in the literature, 
as practically all subsequent citations are in relation to their primary find- 
ing, which showed a seemingly more important link between the harmonics 
and the derivatives of the I-V characteristic. By applying a small oscillation 
to the probe and measuring the second harmonic as a function of dc bias, 
they showed that the second derivative of the I-V characteristic can be ap- 
proximated, which can then be used to calculate accurate EEDF's via the 
Druyvestyn equation(3.1). 
This method for obtaining the EEDF is now known as the a c. superim- 
posed method and originally had the advantage that it avoids errors caused 
by numerical differentiation. 
For this thesis, the original work of Sloane and McGregor was re-examined 
to further explore the link between the harmonic amplitudes and the gener- 
ated dc components. We developed a new approach based on fitting an nth 
order power series. 
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3.2.1 Mathematical model 
The I-V characteristic can be fitted by an nth order power series of the fol- 
lowing form: 
where A, are the coeficzents of the power serzes and n zs the order. 
The collected current, i, is a function of the voltage, V. If we introduce 
an osc~llating voltage, Vrf, then the equation for the rf current only becomes 
that of equation 3.3. 
where V, is the amplitude of the voltage sine wave, Vvf. 
Expanding equation 3.3 with the appropriate trigonometric identities 
gives, 
Equation 3.4 is of the form of a Fourier series, with sine, cosine and dc terms 
separated. For clarity, only up to the 2nd order is shown. A, equals zero in 
this case, but as can be seen, there is also an extra dc component with 2nd 
order terms, iAzE2 ,  generated purely by the non-linearity. Comparing this 
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with the amplitude of the second harmonic term, -~AzV,2cos(2wt), we see 
that the magnitudes are identical (only the signs are opposite). This trend 
is repeated as higher terms are examined. 
Removing all frequency dependant terms leaves only the rf sheath-generated 
dc components on the right hand side of equation 3.5. 
The frequency dependant terms only are given by 
Z.~(V,~)  = z(Kf) - ~,,,(1/,~). Equation 3.6 shows iaT, (Kf) ,  the resultant 
amplitudes of iTf(Kf), from the expansion of equation 3.4. Only even 
terms are shown here. 
The terms in equation 3.5 represent the dc components generated purely 
by the non-linearity of the sheath, and as such, the sum of these dc terms 
must equal AI(V), therefore, 
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at each point in bias, i.e. AI(V). 
Equations 1.5 - 1.7 show two important results: 
1) The oscillation of the non-linear sheath generates additional dc com- 
ponents, equation 3.5 (which sum together producing the time averaged dis- 
tortion, AI). 
2) The sum of the sheath-generated even harmonic terms are identical 
in magnitude, but opposite in sign, to those of the corresponding dc terms. 
In other words, the sum of the even harmonlc amplitudes replicate the dc 
terms generated by the sheath. This allows access to dc informatlon purely 
through rf measurements and crucially allows the distortion component to 
be separated from the total measured current. 
We find that only the even orders produce dc terms Thls is due to the 
fact that even orders of sine or coslne do not average to zero, while odd orders 
do. The polynomial order is directly related to the harmonic number, i e. 
the 2nd order term is equivalent to the 2nd harmonic etc. 
With the necessary information contained in the harmonics, the corrected 
dc characteristic can be easlly recovered from the distorted (measured) char- 
acteristic, I,,,(V), vla equation 3.8, 
Equation 3.9 shows that due to frequency mixing in the sheath, the second 
harmonic contains components from all other even harmonics. 
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where; fZamp is the second harmonic amplitude. 
As shown, the amplitude of the second harmonic is composed of 2nd, 4th 
and 6th order terms, i e. terms from all the even harmonics. The highest 
order term in f2,,, is always the order of the polynomial (6th order in this 
case). 
Equations (3 10) and (3.11) show the terms for the 4th harmonic ampli- 
tude, f4amp, and 6th haxmonic amplitude, f , j rrmp,  respectively. 
The sum of equations 3.9, 3.10 and 3.11 is equal to that of equation 3.6, the 
absolute value of which closely approximates AI. 
Comparing equation 3.5 with that of 3.9, it is clear that the second har- 
monic alone gives a reasonable approximation of AI. As the amplitudes of 
higher order even harmonics arc included, finer details in A1 are approxi- 
mated more closely. Thus, experimentally, measuring only the f2  amphtude 
as a function of bias would be sufficient to give a good estimate of AI(V), 
thus allowing reasonably accurate reconstruction of (V). 
The work by Sloane and McGregor [37] shows effectively the same result 
using a Taylor series expansion, as opposed to  the power series presented 
here. The Taylor expansion shows that the approximation, of f2,,,(V) = 
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&, is only valid if the oscillation amplitude is small, such that, the higher 
order terms of fi can be neglected. However, for determining AI, no such 
limit applies. In fact, using more terms, fq,  f6 etc. yields more accurate 
agreement. 
3.3 Non-Sinusoidal and Dual Frequency Os- 
cillations 
Up until this point, only the case of single frequency oscillations have been 
considered. In practice, due to non-ideal matching networks, the plasma po- 
tential oscillation (at f d r )  is generally non-sinusoidal. The second harmonic 
component in particular, may be relatively large. For symmetric capacitive 
discharges, the second harmonic can dominate the plasma oscillation [24]. 
These multi-frequency slgnals make the previous analysis much more com- 
plicated. 
For the single frequency case, it is clear that any harmonic that appears 
in the measured signal must have been created by the sheath. For a non- 
sinusoidal input oscillation, this is not true. If the exact oscillation is un- 
known, as is generally the case, then it is difficult to know which harmonics 
originate from the oscillation and which are generated by the sheath. It is 
only the sheath generated components that are of interest for this analysis. 
Using the same basic mathematical procedure as for single frequency 
inputs, the case of a dual frequency input was exarnmed. If = V,szn(wt) + 
V~sin(w2t), then, due to frequency mixing in the sheath, the even harmonic 
amplitudes may have contributions from odd harmonic components. Thus, 
an even harmonic amplitude may now be composed of sine and cosine terms 
from every other harmonic, not just even harmonics as was shown for the case 
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of single frequency oscillation. For the dual frequency situation, the terms 
become very large even at low orders of the polynomial, however, it can be 
shown that taking only the coszne terms of the even harmonics, reproduces 
AI(V) accurately. 
Equation 3.12 shows the extra dc terms generated in this dual-frequency 
case, where Vzrf = Voszn(wt) + V~sin(w2t),  
Equation (3.12) shows how each frequency (of the dual-frequency input) pro- 
duces a similar response, while the last term in the equation shows how the 
two siguals interact with each other in the sheath to produce a more com- 
plicated expression for AI. Examining t,he full Four~er series (not just the 
sheath generated dc terms shown here), it becomes apparent that summing 
the amplitudes of the coszne terns only, of even harmonics, returns the exact 
expression for A1 (as in equation (3.12)) This has been shown in the dual- 
frequency case up to the 6th order polynomial. This analysis is independent 
of the frequencies chosen and implies that the analysis should work for any 
arbitrary periodic input oscillation. 
3.4 Summary 
The non-linear behaviour of the sheath has been explained, demonstrating 
how harmonics are generated due to the oscillating action of the sheath in 
an rf plasma. 
The original work of Sloane and McGregor has been re-examined, demon- 
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strating that the sum of the sheath-generated even harmonic amplitudes is 
equal to the sheath-generated dc components, at each point in bias. The fact 
that this dc component is actually the source of the time-averaged distortion 
to I-V characteristics has not been stated before in the literature. This fact 
was either ignored or simply overlooked in the intervening years. Thus, it 
appears that extracting the correct dc characterist~c from the distorted one, 
uslng the harmonic information, 1s apparently a new idea. 
The dual frequency case has also been investigated, with results indicating 
that corrected I-V characteristics can still be obtained without the need for 
rf compensation. This could be of significant importance for many industrial 
plasmas. 
Having demonstrated mathematically that separating A1 is possible, a 
circu~t was designed to test this experimentally. A computer simulation was 
developed to investigate the expected output from the experiments, which 
enabled a deeper understanding of the technique, allowing new possibilities 
to be explored quickly and easily. This is discussed in the next chapter. 
CHAPTER 4 
Computer Simulation 
A basic analytical coinputer model was written in MatLab to simulate phase 
dependant I-V characteristics of an arbitrary rf plasma. The density, electron 
temperature and plasma oscillation amplitude arc variable. Phase-dependant 
I-V characteristics are generated over the input dc sweep range. This allows 
the rf currents to be examined at each bias voltage and harmonics obtained 
via FFT of the collected waveforms. For simplicity, frequency effects are 
ignored, as is the non-linear behaviour of the sheath capacitance. The effect 
of these simplifications will be discussed at the end of the chapter. 
4.1 Design of Measurement Circuit 
In order to experimentally measure the harmonics and record the rf waveform 
information a clrcuit was designed, as shown in figure (4.1). This is the circuit 
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Figure 4.1: Dzagram of the measurement czrcuzt 
simulated by the Matlab model. 
With a "standard" Langmuir probe circuit, only the dc current compo- 
nent is desired, so no effort is made to observe the rf components. In this 
case however, the rf currents are to be measured as a function of dc bias 
voltage. 
As can be seen in figure (4.1), the circuit is not much different to a 
regular Langmuir probe clrcuit. The major change is that an rf measurement 
branch has been included. This is made up of a blocking capacitor and 
reslstor in series. An rf inductor 1s also included on the dc lme so as to 
prevent rf currents affecting the dc supply or rf measurement accuracy. The 
rf measurement resistor, R,,,,,, is in series with the dc blocking capacitor, 
thus, no dc current can be measured across R,,,,,. The rf current at the tip 
(caused by the plasma potential oscillation) will therefore see a relatively easy 
path to ground through the low ~mpedance capacitance and R,,,,,, whlch is 
generally 50 Ohms. Even if the inductor is not tuned very accurately to the 
required frequency, it will stihl have a much h~gher impedance than 50 ohms, 
thus a very large percentage of the rf current arriving at the tip will flow 
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exclusively through the rf measurement branch and induce a proportionate 
voltage drop across R,,,,,. The value for R,,,,, was originally chosen to 
be 500 as the probe ltself is constructed of 500 semi-rigid coaxial cable 
(see figure (5.2)) This impedance matching ensures maximum transfer of 
current, from tip to R,,,,,, by minimising reflections. This allows the probe 
to be modeled as a transmission line to observe how changes in impedance 
may affect the measured signals. In this case, the source impedance is that 
of the sheath, while R,,,,, acts as the load termination. The results indicate 
that in this configuration the probe should act like a near perfect transmission 
line. 
This circuit 1s dc bia,sed while the rf current is measured across R,,,,,. In 
this way, an 'RF I-V characteristic' can be generated. To understand what 
this would look like and exactly how useful information can be extracted 
from it, the simulation was used. 
4.2 Simulation Basics 
Essentially, equations 2.1 - 2.3 are used to calculate ion and elcctron cur- 
rents as a function of the dc bias voltage, thus giving IDc(V). The total 
time-dependant current (rf plus dc current), AOt,l (v, Vsh, t ) ,  is calculated by 
introducing a time-varymg plasma potential oscillation. At each time step 
the currcnt is calculated, thus, for each bias voltage, a time-dependant wave- 
form is created. The resultant fast Fourier transform (FFT) of each waveform 
is then calculated. Time-dependant I-V characteristics produced by this sim- 
ulation have already been shown in figure (2.2). 
Frequency effects on the oscillating I-V characteristics are not taken into 
account, except that the value of XCs,, the capacitive reactance of the sheath, 
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does change with frequency. X,, is calculated from the sheath width using 
the cylindrical capacitance equation. Therefore, the capacitance of the sheath 
is not modeled as a non-linear component, and so, the I-V characterlst~c does 
not change shape as a function of phase, no matter what the frequency. The 
sheath resistance, RSh is glven by (Rh/jtotal), assuming the circuit resistance, 
R,,,,,t << Rsh. The value of Xcs, is added in parallel to RSh to simulate the 
resultant total sheath impedance, Zsh. 
The ion currents may be included or removed from fVf(v, R h ,  4)  for better 
comparison with low and high frequency experimental results. However, the 
simulation shows that the inclusion or removal of ion current does not change 
any of the results sigmficantly, as the electron current is by far the dominate 
one 
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4.3.1 A1 Measurements 
Because frequency effects are not considered in this simulation, I(V,O, 0) 
I ( V )  In practice however, due to changes in sheath impedance with 
frequency (due largely to the non-linear sheath capacitance), IDc(V) is mod- 
ified, such that, IDc(V) # I(V,  0,O). Thus, in the experiment, I (V,  0,O) = 
JDC<,, (V) 
Figure(2.3) clearly shows that I,,,(V) is distorted by the time-averaging 
effect but to observe this distortion directly, as a functlon of bias voltage, 
I,,,(V) - I D ~ ( V )  is plotted in figure (4.2). 
According to the mathematical analysis of 3.2.1, the sum of the even 
harmonic amplitudes should equal AI. The harmonics are measured by per- 
forming a FFT on the generated waveform data, a t  each point in bias voltage. 
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Figure 4.2: A1 as a functcon of bsas voltage. T h e  solzd lzne zs the actual A I .  
AIB,,, represents the s u m  of the first 4 even harmonzc amplztudes (squares) and 
AIf2 2s the second harmonzc amplztude only (dots), as a functzon of bzas. 
A comparison of the actual distortion, AI(V), and the reconstructed dlstor- 
tion, Alx,,,(V), is shown in figure (4.2). Also shown is AIf2(V), which is 
simply the amplitude of the measured second harmonic, fi as a function of 
bias. The fact that f2(V) only is a reasonable approximation of A1 is in good 
agreement with the mathematical analysis. The simulation also shows that 
the number of harmonics necessary for a close fit to A1 is generally small, 
but if the dc characteristic has a sharper 'knee', higher order harmonics must 
also be summed. Again, this is in agreement with the mathematical model, 
which shows that higher order polynomials are required to fit a 'sharper' 
characteristic, thus the harmonic content is greater. 
Figure(4.3) demonstrates that the dc trace is almost perfectly recon- 
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I 
Figure 4.3: Reconstructed DC characterzstzc: The  dots represent the actual DC 
trace, whzle the czrcles are the 'corrected' tzme averaged values, z.e. I,,, - AIH,,, 
The  tzme-averaged (dzstorted) trace zs also shown for comparzson. 
structed from Ia,, (V) - AIH,,, (V) 
The simulation also shows that the oscillation magnitude can be found 
using the A1 versus bias voltage curve. It is found that the voltage difference 
between the zero crossing point and the peak of AI(V), gives the oscillation 
magn~tude. For very small oscillations, fi -- (d21/dV2), in which case, the 
peak and zero-crossing points should be at the same potential. 
The fact that the A1 curve changes sign (polarity), as a function of bias 
voltage, presents some difficulties when reconstructing I D ~ ( V )  from the har- 
monics. If an unknown phase-shift occurs in the measured waveforms, the 
absolute harmonic amplitudes must be used (J(Real)2 + ( imag~nary )~) ,  be- 
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Figure 4.4: Szmulated F F T  of a current waveform at one partzcular bzas uolt- 
age.  (Left) The real components only. (Rzght) The imagznary components only. 
These show that the even hamonzcs  are entzrely real, whzle odd hamnonzcs are 
imaginary. 
cause as equation (4.1) shows, a change in phase causes a change in the ratio 
of real to imaginary components. If the absolute values are used, then each 
harmonic ampl~tude will appear entirely positive as a function of bias voltage. 
T h ~ s  becomes a problem when the even  harmonics ase summed, resulting in 
an incorrect AI(V) curve. 
For a pure s~nusoidal input oscillation with no phase-shifts incurred during 
measurement, it is not necessary to use the absolute values, as all the even  
harmonics are entirely real, while the odd harmonics are entirely zmagznary. 
This is Illustrated in the FFT of figure(4.4). 
In this case, simply using the sum of the real components of the FFT 
maintains the polarity information, thus allowing the exact AI(V) curve to  
be recovered. 
Although changing phase of the input oscillation from sine to  cosine may 
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seem like an arbitrary difference, it actually causes an incorrect summation 
of the even harmonics. This 1s due to the fact that cosine inputs produce 
only positive valued harmonic components. This is easily shown by substi- 
tuting a cosine oscillation into the mathematical analysis of section (3.2.1). 
The magnitudes may be correct, but the polarities are not, thus, only sine 
oscillations (starting at zero amplitude at  t = 0) can reproduce A1 straight- 
forwardly from the sum of the harmonics. In general, some phase-shifts will 
always be Incurred in the experiment, so it is best to use the absolute values. 
The absolute value of fi(V) approximates AI(V), but because abs(fi(V)) 
is entirely positive an inflection point occurs, thus marking the point in bias 
where AI(V) goes negative. To get a more accurate reconstruction of AI(V) 
requires the summation of more even harmonics of the correct polarlty. One 
possible way to obtain thls polarlty information is described by equation 4 2 
where x is the harmonic number. The term In brackets is only calcu- 
lated at one point in blas to determine an initial polarlty. The imaginary 
components could also be used 
Real(f4) and abs(f4) are Illustrated in figure(4.5). To determine the ap- 
propriate polarity from abs(f4), the real value of f4  is determined at  one blas 
voltage below the first inflection point. Depending on the polarlty of this 
value, the term in brackets in equation 4.2 is either 1 or -1. This glves the 
appropriate orientation of abs(f4), which is then modified positive or negative 
at the inflection points as required. 
This has been proven to work well in the simulation but is sometimes 
prone to error if the initial reference point is noisy as this can cause false 
polarity readings. Errors can generally be avoided by choosing a bias point 
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Figure 4.5: Fourth harmonic versus baas voltage. The  absolute and real values are 
shown. The inflecteon poents can clearly be seen. f2 rs also plotted for comparison. 
in the exponential region, where the signal to noise ratio is sufficiently large 
not to cause false polarity readings. 
4.3.2 RF Measurements 
Figure (4.6) shows the rf current waveforms output from the model as a 
function of bias voltage, fVf(v, Rh(t)). This is for an input oscillation of 5V 
amplitude. Figure (4.7) is constructed by transposing the waveform data of 
figuse (4.6) and plotting against bias voltage to  obtain TTf(v, Vsh,(6). The 
resultant graph, called an 'RF I-V characteristic', is plotted over one full 
period of oscillation, thus each line represents the rf current magnitude at a 
different point in phase, as a funct~on of bias voltage. 
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Figure 4.6: Simulated RF current wauefonns collected as a functzon of dc bras 
voltage 
The blocking capacitor in the circuit prevents all dc signals from be- 
ing measured at R,,,,,, so the expected appearance of the experimentally 
measured rf I-V characteristics is that of figure (4.7 (Left)). In figure (4.7 
(Right)), A1 has been added back. 
The simulation shows that this modzfied rf I- V characterzstzc can be used 
to determine the magnitude of the plasma oscillation. It can be shown that 
the the voltage difference between the the positive and negative peaks of the 
modified rf I-V characteristic reveals the plasma osc~llation magnitude. For 
the data in figure (4.7), the oscillation amplitude was 10 Vpk-pk For dual 
frequency inputs the total maximum magnitude of the oscillation is given, 
not a~nplitude, as in the single frequency case. 
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Figure 4.7: R F  current versus bias, as a functzon of phase. (Left): R F  I-V 
characterzstzc wzth A1 removed. (Rzght): ModzJied RF I- V characterzstzc, z. e. the 
rf current + AT as a functzon of dc bzas voltage. 
An important point to note is that a phase-shift will occur in the measured 
current waveforms due to the change in sheath impedance with bias voltage 
(Eqa(4.9)). As bias is varied, the measured waveforms will change phase 
relative to the time varying plasma potential. This distorts the recovered rf 
I-V information, thus phase-shifts must be removed. Removal of phase shifts 
from the experimental data is explained in more detail in (5.2.5). 
4.3.3 Reconstructing Phase-Dependant Characteristics 
Using the simulation, a simple method for reconstructing the correct phase- 
dependant I-V characteristics was determined. It can be shown that only the 
distorted (time-averaged) characteristic and the rf current measurements are 
needed. This is explained as follows: 
The rf I-V trace effectively shows the magnitude of the current oscilla- 
tion on the dc I-V characteristic. These oscillating currents generate time- 
averaged dc components, AI(V). If these dc components are removed by 
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the capacitor, then IRF,,,, (V, Vsh, 4) is the phase-dependant rf current mea- 
- - 
sured at  R,,,,, for each bias voltage. The time-average of IR~,,,, (V, Vsh, 4) 
is therefore equal to zero. 
The rf currents oscillate about some dc value, so, 
Equation 4 3 determines the total current a t  any point in phase of the plasma 
potential oscillation. The resultant time-average over one full period of the 
phase-dependant characteristics must equal the d~storted trace, I,,,(V). 
Figure (4.7 (Right)) shows that, at t = 0, 
Hence, 
it&aL (v, O , O )  = IDC(V) (4.5) 
Experimentally, IDc(V) cannot be obtained directly with an uncompen- 
sated probe, however, as shown, it can be calculated from I,,,(V) - AI(V), 
thus 
This implies that simply adding the measured characteristic, Ia,,(V), to the 
measured rf I-V characteristic, iRFm,,, (V, %hi #I), returns exactly the correct 
phase dependant I-V characteristics. From this the dc trace (at t = 0) and 
also the time-varying plasma potential can be obtained. 
4.3 Simulated Data 
Figure 4.8: Szmulated data: (Left)Modzfied R F  I-V charactenstzc, z.e. the rf 
current + A I ,  versus bzas as a functzon of phase. The (t=O) trace zs hzghlzghted 
by czrcles. (Rzght) R F  I- V charactemstzc wzth A I ( V )  removed. The  (t=O) trace zs 
also hzghlzghted and expanded. Thzs equals ( - l ) A I ( V )  exactly. 
Again, the simulation was used to verify this, and indeed, was found to be 
correct. This also leads to the interesting fact that at t = 0, &p,,,,(V, 0,  0) 
= - AI(V). Thus, instead of measuring the harmonics, and all the difficulties 
that presents, AI(V) can be obtained simply from the t = 0 trace of the rf 
I-V characteristic. This is shown in figure 4.8(right). 
For these simulations, the shape of the characteristics are not phase- 
dependant, as frequency effects are not accounted for (non-linear sheath c e  
pacitance is ignored). In practice, this is not the case and predicting the 
exact behaviour is very difficult. Traditionally, experimental comparison has 
been limited by the fact that there is no simple diagnostic method available 
to measure phase-dependant I-V characteristics at high frequencies. Sweep- 
ing the entire bias range as quickly as possible and repeat within a fraction 
of the a.c. cycle is generally not feasible, as this requires the ion sheath to 
respond on the same time scale. Due to a combinat~on of ion response time 
and circuit capacitance most systems are limited to << w,. 
With the new technique presented in this thesis however, the dc scan 
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rate can be as slow as required, thus giving the ion sheath plenty of time to  
adjust between subsequent measurements. The a.c. information is acquired 
separately, so this met,hod avoids the above issues with previous methods. 
Possible frequency effects are explored in section 4.6. 
4.3.4 Measuring the phase-dependant plasma poten- 
tial 
Assuming the phase-dependant I-V characteristics are measured, the time- 
dependant plasma oscillation, 6p(t), can be reconstructed. At 
This was verified with the simulation for angle and dual frequency input 
oscillations. A reconstructed non-smnusoidal oscillation waveform is show11 in 
figure(4.9). This shows that the reconstruction is near perfect. For accurate 
reconstruction of 6p(t)  from ftotal(v, R h ,  d), the simulation shows that AvBsn8 
<< $pT,, where is the bias voltage increment If ItotN(V, T/sh, 4)  is too 
noisy, the maximum peaks of Itotl(V, gh, 4) can also be used. 
4.3.5 Measuring the complex sheath impedance 
For the situation shown in figure(4.10), the voltage divider equation gives 
where &Tf is the oscillating component of the total plasma potential, $. 
V,, is the measured voltage across R ,,,. 
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Figure 4.9: Szmulated reconstmctzon of a non-sznusozdal plasma osczllatzon from 
the phase-dependant I-V charactenstzcs. The dc plasma potentzal zs shown to be 
abou-t 24 V. The  znput osczllatzon was a superposztzon of 13.56 MHz and 73 MHz 
signals, of 10 V and 4 V amplztude, respectzvely. The solzd lzne zs the actual 
osceldatzon znput, whzle the dots are the reconstmcted poznts. 
Using the method previously described to accurately measure the plasma 
potential as a function of phase, all parameters in equation(4.8) are known 
and a solution for the complex sheath impedance can be obtained. 
Before we can accurately determine the sheath impedance, the phase shlft 
induced by the series combination of sheath capac~tlve reactance, Xc8,, and 
R,,,, must be taken into account. The phase shift in a series RC network 
is given by 
4m = tan-I(-Xcs,lRsense) (4.9) 
From this, it is clear that the phase shift will be very close to 90 degrees 
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Plasma 
osc~llat~on 
Figure 4.10: Equzvalent czrcuzt for osczllatzng current. The blockzng capacztor 
zmpedance zs not  shown as zt zs neglzgzble compared wzth Rs,,,,. 
when Xca, >> R,,,,,. In ion saturation thls condition is satisfied, so for large 
negative bias voltages, the measured waveforms at R,,,,, will be 90 degrees 
out of phase with respect to the plasma oscillation This gives us an initial 
phase reference for 6,, . 
As the bias voltage approaches the plasma potential, Xca, diminishes and 
the phase changes. At the plasma potential, when the sheath collapses com- 
pletely, the impedance is purely resistlve. The phase shift should therefore 
be 90 degrees with respect to its original value in ion saturation. Because 
R,,,, is non-reactive, the current flowing through it is in phase with the 
voltage it develops so the measured signal at V = &, is 1n phase with the 
plasma potential. 
In order to solve equation (4.9) for the complex form of Zshr the measured 
voltage at R,,,,, must also be in complex form. Thls is constructed using 
where; V,,* is the complex form of the measured voltage at R,,,,,, 
Vmamp is the measured amplitude at a particular frequency and 4, is the 
phase shift between the measured signals and 6,v, 
4.4 The R,,,, Loading Effect 
To get an undistorted amplitude value for each frequency, the absolute 
values of the FFT's are used to obtain V,,,,. Solving equation(4.8) using the 
complex form of V,,,, from equation(4.10), the resultant complex form of the 
sheath impedance can be separated into its real and imaginary components. 
Assuming Rah is purely real and Xceh is purely imaginary, it can be shown 
that 
and 
2 2 
X C s h  = (ZShre,l + ZSh.,ag ) ~ ' ~ % r n a g  (4 12) 
where; 
ZshVeal = real component of Zsh 
Zshzma9 = imaginary component of ZSh 
Therefore, this allows us to not only accurately measure the sheath impedance, 
but also to investigate the individual components. This may be important 
for investigating the sheath behaviour in more detail or for probe tips which 
become coated with an insulting layer during operation. 
4.4 The R,,,,, Loading Effect 
The simulation shows that under certain conditions, the 50R resistor used 
in the measurement circuit may actually cause a significant effect on the 
resultant harmonics. This loadzng effect depends on the ratlo of R,,,,, to 
the rE Impedance of the sheath, ZRF. AS the probe tip potential approaches 
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Figure 4.11: RF Impedance as  a functzon of bzas voltage and phase; Z R F ( v d )  
= @PTf (4) / ~ R P ( ~  4)) 
the plasma potential, R,,,,, can become a significant fraction of ZRF (par- 
ticularly at high density, where the minimum in ZEp is relatively low). Ef- 
fectively, the resistor limits the current and leads to a 'linearisation' effect. 
This causes a reduction in the amplitude and number of observed harmonics. 
Essentially, it causes distortion of the reconstructed AI(V), as the harmonics 
are disturbed by the process of measurement. 
Figure(4.11) shows a low density case (7 x 1015m-3), with R,,,, = 500. 
The minimum value of the rf impedance is about 1600!2, so R,,,,, will have 
a negligable effect here. At 2 x 10l'm-~ the minimum reduces to about 500, 
so clearly at high density this effect may become a problem. 
A modified circuit, which uses a current transformer sensor instead of 
a resistance, was designed to eliminate or at least reduce this effect in the 
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experiment. This is explained further in Chapter 5 (5.2.3) 
4.5 Dual Frequency Simulations 
When both driven frequencies, f, and fH, are sine waves with zero phase, 
the FFT gives cosine terms represented by the real components, while the 
zmagznary components represent the sine terms. As explained in 3.3, for a 
dual frequency input oscillation, summing only the cosine terms of the even 
harmonics reconstructs AI(V) accurately. Therefore, in this dual frequency 
case, the real amplitudes of the even harmonics are used to obtain AI(V). 
Figure(4.12) shows a dual frequency AI(V) curve and also curves recon- 
structed from the harmonic amplitudes. f,,(V) alone gives a reasonably 
accurate reconstruction of AI(V), where f,, is the sheath-generated second 
harmonic component of the first frequency, f,. It is observed however, that 
the approximation f,,(V) % AI(V) becomes less accurate as the ratio of 
VH/Vo increases. The even terms of fH must therefore also be included. 
Figure(4.12) essentially illustrates the level of error that would be imposed 
on the reconstructed AI(V) by a slightly non-sinusoidal plasma potential os- 
cillation (fundamental plus 20% harmonic amplitude). This is a likely sltua- 
tion in many single-frequency plasma systems with non-ideal power sources. 
Th~is,  if the ratio of the amplitudes, VH/V,, is small, using only the even 
harlnonics of the main frequency component gives a reasonably accurate re- 
construction of AI(V). 
This dual frequency analysis becomes more complicated if there is a 
phase-shift between the two frequencies. Effectively, the real values of the 
FFT are contamznated by the phase shift, i.e. a change in phase causes a 
change in the ratio of real to imagmary components, thus making it im- 
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Figure 4.12: Dual frequency AI  and the reconstructed A1 from f,, only and 
fez + fo4. The amplztudes of the two frequency znputs were V, = 10 V and VH = 2 
V. In thzs example, only the sheath-generated frequency components o f f ,  are used 
zn the reconstructed A1 curues. 
possible to determine which parts of the real components are due only to 
sheath-generated harmonic terms. So again phase-shifts have proven to in- 
crease the complexity of the analysis. 
4.6 Frequency effects on A1 
As the frequency increases, Xc8, becomes more significant and the total 
sheath impedance departs from the basic dc model[9], due in part to the non- 
linear sheath capac~tance. Thus, AI(V) changes as a function of frequency 
because the shape of the characteristic changes. This should have no effect 
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Figure 4.13: Dual frequency FFT  at one partzcular bzas voltage. Thzs zllustrates 
the eomplexzty caused by multzple frequency znteractzons: (Left)Real components 
only (Rzght) Imagznary components only. 
on the validlty of this method however, as the amplitudes of the harmonics 
also change in a corresponding way. To a certain extent this has already 
been shown in the mathematical model by not defining the coefficients of the 
polynomial. However, what happens if the characteristic changes shape as a 
function of phase? 
The literature shows that there is an assumed upper frequency limit 
(f<< f,,,) when using the superimposed a c. EEDF method, described by 
inaz~y authors[38-401. It appears to be assumed that the method will not 
work at  hlgher frequencies, but is difficult to find references that actually 
explain the reasoning behind this. 
Presumably, low frequencies were used to  ensure that the characteristic 
remains essentially resistive, and so, does not change shape appreciably as a 
function of phase. However, in a recent paper by Chen(2006) [33], an equa- 
tion for the time-dependant sheath capacitance is given for planar geometry. 
Unfortunately, extension to the transltlon region of cylindrical probes is only 
possible through numerical integration. The sheath capacitance as a func- 
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tion of bias is given for the electron saturation region of a cyliiidrical probe 
(calculated from OML theory). These results are only valid for low frequency 
cases where the ions can respond, but even so, it is shown that the sheath 
capacitance, in particular, will cause many harmonics to be generated, at 
least for planar probes. For the cylindrical case, the harmonics will be less, 
due to  the continuous nature of the curve as the electron saturation region 
is encountered. These results seem to  indicate that even at  low frequencies, 
the shape of the characteristic must change as a function of phase, which is 
not the case investigated in the mathematical model given in sect,ion (3.2), 
or that of papers regarding the a.c. method for EEDF meas~n-ement. 
The question of whether or not our analysis is fundamentally valid a t  
higher frequencies is not easy to answer, but some of the issues are examined 
in the next sub-sectlon, where the work on resonance probes offers further 
insight into the behaviour of A1 as a function of frequency 
4.6.1 Resonance Probes 
Much of the work on resonance probes was done in the 1960's and 70's, as they 
were used on rocket-borne missions to  investigate the ionosphere. Because of 
the high velocities involved, measurements had to be taken rapidly. It was 
hoped that resonance probes could qulckly and easily measure the plasma 
density and electron temperature, without using the traditional Langmuir 
trace method. 
Applying an oscillating voltage of variable frequency to a probe produces 
a subsequent increase in dc current. T h ~ s  increase in dc current was known 
as rectification current, which is effectively A1 in this thesis. Generally, the 
resonance was observed by plotting (I,,,(x)/IDc(x)) versus w/w,,; where x is 
one particular value of dc bias voltage (always < @,), w is the probe driving 
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frequency and wPe is the plasma electron resonance frequency. 
An anomalous increase in A1 with frequency is observed as w approaches 
up,[41-431. This electron resonance condition is found to be dependant on 
the t ip size and dc hlas voltage. Essentially, there is a series resonance be- 
tween the sheath impedance, Zshr and plasma impedance, Z, The oscillating 
voltage across the sheath increases at resonance, thus causing an increase in 
AI[42]. 
The case of ion resonance, at w x wPLon, is perhaps more important for 
this thesis, as rf plasmas are operated below wpa. The sheath is modeled as an 
equivalent circuit of inductors (ion/electron inertia), capacitors(displacement 
current across the sheath) and resistors(convection, real current). Rosa [44] 
showed that ion transit times across the sheath are important, and derived 
an equation to calculate the components of the equivalent circuit as a func- 
tion of frequency. Oliver and Clements [45] later showed good experimental 
agreement with Rosa's theory. However, there is still some debate as to the 
validity of these sheath models near ion resonance. Bliohk et a1 [46], showed 
how the previous inconsistencies can be resolved by using the 'dynamic Bohm 
criteria' (DBC), which takes account of the movement of the sheath edge and 
also the plasma inhomogeneities near the plasma-sheath boundary. This pro- 
vides a condition for the appearance of ion resonance which can essentially 
be controlled by the applied dc voltage to the probe. This helps explarn 
why ion resonance is observed in some experiments and not others ([47] for 
example) [48]. 
It should be noted here that in most of the above referenced literature, 
the experiments were usually conducted with the probe biased close to the 
floating potential or in ion saturation. For a review of early resonance probe 
theory, refer to [43]. 
4.7 Summarv 
The work on resonance probes is important here as it shows tha.t there 
should be an anomalous increase in the measured AI(V) as either wpZon or 
w,, is approached. Comparing the actual distortion, I,,,(V) - Id,(V), wlth 
AI,yarm(V), will show if AI(V) can still be accurately determined by the sum 
of even harmonics, despite the voltage amplification at resonance. 
4.7 Summary 
The results from the simulation agree with the mathematical model. Ulti- 
mately, it has been shown that separating the ac and dc current components, 
using the clrcuit of figure (4.1), allows the time-averaged distortion compo- 
nent, AI(V), to be separated from the uncompensated dc current. Not only 
does this allow the undistorted effective dc I-V characteristic to be obtained 
without compensation, but also, for the first time, a reconstruction of the 
phase-dependant characteristics is possible. 
The magnitude of the oscillation is unimportant provided the probe cur- 
rent does not perturb the plasma, and, the technique can be used in situations 
where adequate compensation is a practical impossibility. 
It has also been shown that it is possible to accurately measure the time- 
dependant plasma potential (even if it is non-sinusoidal in nature) and also 
allows the phase-dependant nature of the plasma parameters to be explored, 
such as, Te(&), n, (4) , f (E, 4)  and as well as local measurement of ac electrlc 
fields Other phase-dependant measurements also become possible, such as: 
separating the real and imaginary components of the sheath impedance. 
The effect of phase shifts were shown to be important, but can be removed 
during data analysis. 
The loading effect of the measurement circuit also needs to be taken into 
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account. At low density and with a better circuit deslgn, the loading effect 
should be negligible 
Frequency effects and how these can potentially change the non-linear 
behaviour of the sheath has also been mentioned. However, this area is still 
relatively unexplored 11-1 deta~l, for the case of a small un-driven probe sheath. 
Because of this, is it not easy to predict the nature of the sheath impedance 
as frequency is increa,sed. However, it should be posslble to explore the 
phase-dependant characteristics as a functlon of frequency, thus potentially 
validating or extending present theories on non-linear sheath behaviour. 
The anoinalous increase in A1 due to resonance may also demonstrate if it 
is possible for the harnlonic amplitudes to increase without a corresponding 
increase in AI. If this 'de-coupling' can be observed, then it urould imply that 
the dc component is not always linked to the harmonics in the apparently 
fundamental way described above. The experimental investigation should 
shed more light on this issue. 
CHAPTER 5 
Experimental setup 
The experlmental set-up and difficulties involved in measuring the harmon- 
ics and resultant phase-dependant I-V characteristics are explained in this 
chapter, but first, the experimental chamber is described. 
5.1 The Experimental Chamber 
The experimental reactor used in this them (Applied Radio-frequency Ion 
Source or ARIS) was originally designed for the study of low temperature 
plasma chemistry [40] and has also been used in other studies, such as inves- 
tigation of collisionless heatmg[49]. It is an inductively coupled rf discharge 
ignited in a small source region. The source is open at one end to a much 
larger chamber, into which the plasma diffuses. Most of the experimental 
results in this thesis were performed in the diffusion region of this cham- 
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ber. The large grounded area ensures that the plasma oscillation amplitude 
is fairly low, generally less than T,. This allows the probes to be driven 
at various frequencies and amplitudes without much interference or 'con- 
tamination' of results by the plasma driving oscillation. The fact that the 
chamber grounded area is large also means that the plasma-ground sheath 
can essentially be ignored in calculations of sheath impedance. 
5.1.1 Reactor geometry 
The reactor consists of two distinct regions as shown in figure 5.1[49]. The 
source region is made from a dielectric tube with an external diameter of 
100 mm, wall thickness 10 mm and length 150 mm. The rf power is coupled 
to this region with a two turn antenna which encompasses the source tube. 
The whole region is also surrounded with an aluminium electrostatic shield 
to prevent rf radiation escaping. The aluminium shield still permits the ap- 
plication of the dc magnetic field if desired. Probe access to the source region 
is also possible but the high density and temperature limits the life-tlme of 
probes in this area. 
One end of the source tube is open to the expansion region which is made 
from stainless steel and has numerous vacuum feed-through ports which al- 
low diagnostic access to different regions of the plasma,. It has an internal 
diameter of 410 mm and is 290 mm long. It is closed at both ends with either 
stainless steel or aluminium end plates depending on the application. The 
source tube attaches to one end through an aperture with a diameter equal 
to the outer diameter of the source tube. The electrostatic shield mounts 
directly to this plate to hold the source in place. 
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Figure 5.1: Schematzc of the ARIS devzce showzng source and dzffuszon regzons. 
5.1.2 RE' power coupling 
Radio frequency current at 13.56 MHz is driven through the antenna with 
an RFPP (Radio-Frequency Power Products) 3 kW generator. The antenna 
impedance is matched to the generator output impedance (50 Ci),  using a 
matching network, to achieve maximum power transfer. 
The matching box is situated to allow direct connection of the antenna 
to the output capacitor of the match network. This minimizes ohmic power 
Loss at the antenna side of the matching network. The match box is used 
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in automatic matching mode so that the power delivered to the discharge is 
held constant. 
The source needs to be air cooled as some of the rf power is dissipated 
m the antenna itself. At high frequencies the resistance of the antenna in- 
creases due to the skin effect and is accompanied with power dissipation. Ion 
bombardment of the source walls also leads to heating of the source region. 
The discharge is ignited initially in capacitive mode by the large rf voltage 
on the antenna. When the plasma density increases sufficiently the discharge 
moves to an inductive mode and is sustained by the time varying magnetic 
field associated with the rf currents through the antenna. 
Most experiments were performed at 300W RF, as this was a stable op- 
erating point with mostly zero reflected power for extended periods of oper- 
ation. 
5.1.3 Vacuum system 
The gas used in all experiments is Argon. Gas is fed to the large chamber 
uslng a mass flow controller rated at 100 SCCM and pumped with a turbo- 
molecular pump backed with a rotary pump. The base pressure of the system 
is - 1 x mbar, while for most experiments, the operating pressure was 
in the mid-range of 1 x and 1 x 10-' mbar - 1 - 10 mTorr. This was 
the pressure range for which the plasma and matching unit was most stable, 
thus allowing repeatability. Under these conditions, the plasma density and 
electron temperature in this chamber are know to be about 4 x 1015m-3 
and - 4 eV, respectively. Thus, the mean free path (A) for electron-neutral 
momentum transfer is about 20 cm. This is clearly much larger than the 
sheath width or probe radius, so the probe is essentially operating in the 
collisionless reglme. 
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Generally, the gas flow is held constant and the pressure is adjusted uslng 
a large gate valve mounted between the turbo pump and the chamber. 
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5.2.1 Probe Design 
Due to the nature of the required measurements, shielding from rf noise is 
very important. Electrically, the dc biased probe is only in contact with 
the plasma at the tip and we do not want stray pick-up along the length 
of the probe body, due to capacitive coupling. To avoid this, the probe 1s 
constructed from 50Q semi-rigid coax cable. The outer shield is grounded 
while the inner core acts as the dc biasing and rf measurement line. The 
coax is protected from the plasma by placing it in a ceramic tube. Castable 
ceramic is used to prevent contact between the plasma and grounded coax 
shield of the probe. The tungsten tip is held in physical contact with the 
core of the semi-rigid coax, thus providing electrical connection between tip 
and biasing supply. The tip is also fully removable so that it can be replaced 
easily, without need for probe reconstruction. The vacuum seal is made on 
the outside of the chamber with epoxy. A diagram of the probe is shown in 
figure(5.2). 
As can be seen from figure(5.2), the shielding extends right to the very 
base of the exposed tip. This provides complete shielding along the entire 
length of the probe. Testing the probe in an rf plasma, with and without a 
tip, shows that the amount of rf pick-up through the shielding is negligible. 
Figure 5.2: Schematrc of the rf shzelded Langmuzr probe. 
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Figure 5.3: Schematrc of the Langmuzr probe measurement czrcuzt. 
5.2.2 Langmuir probe circuit 
The standard Langmulr probe circuit for measuring the dc I-V characteristics 
is shown in figure 5.3.  The isolation amplifier is used to avoid grounding the 
probe blasing supply. 
5.2.3 Modified circuit 
The simulation of the originally proposed circuit (Section 4.4) showed that 
a 'loading' effect may be observed due to the measurement resistor. To avoid 
this situation, the circuit was modified slightly to that of figure (5.4). 
The sense resistor has been replaced by a 'pick-up' current sensor, al- 
lowing the same rf current measurements to be made without a loading re- 
sistance. Because the sensor interacts with the rf current-induced magnetic 
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Figure 5.4: Schematzc of modzfied czrcuzt for reduced 'loadzng'. The  a.c. gen- 
erator and capacztor are necessary only zf the probe zs drzuen t o  replzcate plasma 
potentzal osczllatzons. 
field, there will always be some degree of loading, however, according to the 
manufacturer (Tektronics, CT1 current sensor) the insertion impedance is 
less than 1 0, therefore loading effects should be negligible. The CT1 sensor 
has a bandwidth of 25 kHz to 1 GHz and a gain of 5mV per mA, with 3 
% accuracy. The sensor is capacitive in nature, so no dc component of the 
rf oscillation is measured. The circuit inductor is necessary to prevent the 
time-varying current from effecting the d.c. supply. 
In these experiments, the oscillation amplitude of the plasma was quite 
low, generally < 3 V, so the a.c. generator was used to drive the probe over a 
range of known frequencies and amplitudes The circuit capacitor stops the 
d.c. signal affecting the ax.  supply. 
Finding suitable inductors with sufficient impedance at low frequency (< 
200 kHz) was difficult, so shunting capacitors were used to further decrease 
the amplitude of a.c. signals reaching the d.c. supply. Although the cur- 
rent may be heavily shunted here, the current measured through the current 
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sensor is still accurate because of where it is positioned in the circuit. Effec- 
tively, the current from the a.c. generator takes two paths, one through the 
inductors (and then shunted to ground, not shown in diagram), the other 
flows to/from the probe tip. Thls is the current of interest and is mea.sured 
by the sensor. However, because the probe is coaxial in nature, with the 
outer shield grounded, the a.c. current also finds a path to ground through 
the probe shield. This stray current can be measured directly by turning off 
the plasma while the a c. potential drives the probe. This stray current is 
subtracted from the total plasma on  current to reveal the desired current. 
A double-shzelded probe was also constructed to eliminate the stray cur- 
rent. Essentially, this consists of the same semi-rigid coax line, surrounded 
by insulator(ceramic), all encased in a grounded metal shield (tube). The 
coax sh~eld is capacitively coupled to the core (signal carrying line) and is 
driven at the same potential as the tip, thus, no capacitive coupling between 
the measurement line and the coax shield can occur. The sensor only mea- 
sures current through the core, thus, only current through the plasma-probe 
tip is measured. The outer shield is grounded and is needed to prevent the 
plasma lrom being distorted by the large-area driven shield. 
The double-shielded probe is only required in this case because the probe 
is driven in order to increase the sheath oscillation. In plasmas with larger 
potential oscillations, the single-shielded probe would be sufficient. 
In order to collect meanillgful data, it is necessary to have a stable ref- 
erence signal for triggermg the measurement channel of the scope. This ref- 
erence signal can be obtained by placing a pzck-up probe inside the plasma. 
This can be a simple floutzng probe with no bias connection. The signal is 
taken directly from the probe to a high impedance scope. Alternatively, a 
signal from the rf source driving the plasma could be used. 
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Figure 5.5: Schernatzc of Lock-zn arnplzfier czrcuii for second harrnonlc measure- 
ment and also the set-up requzred to measure and record the rf waveform szgnals. 
5.2.4 Harmonic Measurement circuit: Lock-in Ampli- 
fier 
A lock-in amplifier was used to measure the second harmonic amplitude. The 
complete circuit is shown in figure (5.5). 
The signal generator drives the probe with an a.c. potential. The lock- 
in amplifier takes the signal from the current sensor and a reference input 
frequency signal from the sync output of the probe driving generator. The 
lock-in amp(Stanford Research Systems, SR844) had a minimum operating 
frequency of 26kHz, resulting in a minimum second harmonic frequency of 
52kHz. Synchronizing another signal generator can be used to measure higher 
harmonics such as fq, f6 etc. One is used to drive the probe, while the other 
acts as the reference signal for the lock-in amplifier (this is not shown in 
figure(5.5)). 
For nearly all measurements, only the second harmonic was used as it 
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was found that the higher even terms were very small in amplitude and 
had little effect on AI(V). The maximum amplitude of the second harmonic 
is obtained at each bias voltage. This information can be plotted directly, 
using the data analysis software written in LabView. Using this set-up is 
very simple as Issues with phase are elimmated when only the f 2  amplitude 
is used 
As figure(5.5) shows, the second harmonic from the current sensor signal 
is measured on the lock-in amplifier, while simultaneously the waveforms are 
measured on the scope and recorded by the computer. The effective dc and 
t~me-averaged I-V characteristics are measured through the Langmuir probe 
circuit. This set-up allows measurement of AI(V) and I,,, as a function of 
frequency and amplitude. 
The effective dc characteristic, IDcef,(V), is obtained by dc sweeping 
the probe only, i.e. no super~mposed ac probe-dnving signal. In this case 
however, there may still be a small oscillation due to the plasma driv~ng 
oscillation. To reduce its impact, and thus obta~n greater dc accuracy, tuned 
inductors at 13.56MHz were placed near the tip (for dc measurements only). 
These inductors were removable, without having to break the vacuum seal 
or turn off the plasma, which allowed measurements to be quickly taken for 
compensated (undriven) and uncompensated (driven) probes. Removable 
inductors are only necessary here to provide a dc reference characteristic to 
prove this ac technique. Thus, the actual experimental AI(V) is given by 
I,,,(V) -  ID^,, , (V). This is compared with AIfz(V). Any error m  ID^,,, (V) 
could be mistakenly interpreted as an error in the analysis, so d.c. accuracy 
is important here. 
Further inductors were also necessary, as shown in figure(5.5), to prevent 
the driven oscillation signal from entering the dc bias line. This was crucial, 
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as without them, not only was the dc supply voltage affected, but it also 
caused major distortion to the measured I-V characteristics. 
5.2.5 Probe Calibration 
Cable lengths between the probe and measurement devices can cause both 
amplitude and phase distortion of the measured signals. In this system, 
there are two main causes of phase distortion, one is caused by line length, 
the other, by changes in sheath impedance with bias voltage. 
Although different frequencies in a measured signal all travel at the same 
speed through the cable, differences in wavelength result in an overall phase 
shift of the total signal. This phase-shift is a function of cable length, fre- 
quency and velocity of the signals through the cable. The velocity factor, 
U J ,  is the ratio of the signal velocity in the cable to that in vacuum. It is 
therefore always less than one. For the semi-rigld coax used to build the 
probes(RG402), vf  is 0.68. 
Ad = ( L / ( U J  * c ) )  * w (5.1) 
where; L = coax line length; v~ = velocity factor; c = speed of light in 
vacuum; w = 27r f, 
From equation (5.1), it is clear that phase-shift increases with frequency 
and line length. Thus, the measured signal cannot be an exact replica of the 
signal at the tip. Calibration will remove the phase-shift due to line length, 
but not the phase shift due to changes in the sheath capacitance, as this is 
unknown before the measurements are recorded. 
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5.2.6 Probe Calibration for Line Length 
The probe is calibrated on the bench for amplitude and phase by applying a 
variable frequency signal at the tip of the probe while monitoring both input 
and output signals. This is similar to t,he technique used by Sobolewski and 
is described in detail elsewhere[50]. 
The signal generator outputs a sine wave (starting at the fundamental), 
while both input and output waveforms are collected. The amplitude scal- 
ing factor is found from the ratio of input to output voltage. The phase 
difference between the signals is measured directly, either by the scope or 
through the data collection software. The frequency is then incremented to 
the next harmonic and the procedure is repeated, thus mapping the phase 
and amplitude ~alibrat~ion factors of the probe system over the frequencies 
of interest. 
Calibration of this probe presents some difficulties however, as due to 
its construction, the shield near the tip cannot be grounded directly at that 
point because it is housed inside the ceramic. Thus, during calibration, the 
probe may be poorly grounded along its length. To overcome this, the probe 
was housed inside a metal tube of slightly larger diameter, which could then 
be grounded at both ends. 
Using the grounded metal 'shield' effectively provides a better ground 
connection over the entire length of the probe, thus eliminating any stray 
capacitance effects which distort the calibration signals. Phase shifts for the 
probe were recorded and compared with measurements for an equal length 
of ordinary coax cable. Both measurements were in approximate agreement, 
indicating that the probe calibration method is correct, and also showing 
that the probe essentially acts like a transmission line. 
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5.2.7 Sheath Impedance Phase Correction and FFT's 
The measured a.c. signals, now corrected for line length distortions, should 
be identical to the signals found at the tip, however, the phase change due 
to the sheath still has to be accounted for. To correct for the sheath-induced 
phase-shifts, the following procedure is used: 
The complex FFT for each waveform is used to calculate the absolute 
value of amplitude for each relevant harmonic. The phase relative to zero for 
each harmonic frequency is calculated from equation(4.1). Sine waves of the 
appropriate amplitudes and phase for each harmonic are thus constructed 
for each point in bias. The phase of the fundamental is set to zero, so the 
appropriate phase for each harmonic is then determined by d f l  x f,, where 
$ f l  is the original fundamental phase and f, is the harmonic number. For 
example, if q5fl = 7r/4 (at a particular bias), then $ f z  and q5f3 would be 7r/2 
and 37r/4, respectively. The resultant waveform is the sum of these replicated 
sine-waves and has an identical shape to the original waveform, but simply 
shifted so that its fundamental starts at zero phase. This is repeated for 
each bias and thus eliminates any phase-shifts between waveforms measured 
at different bias voltages. 
The effect of energy spreading in the Fourier analysis was greatly reduced 
by choosing an appropriate number of samples, N, such that, Af/f is as 
close to an integer as possible, where f is the fundamental frequency of the 
measured signal and Af is the frequency resolution of the system, given by 
where At is the sample rate. 
Another important point about manipulating the FFT data is that the 
calibration factors for amplitude and phase must be applied to the full com- 
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plex FFT array. The amplitude values must be scaled at both ends of the 
array, wh~le the phase-shifts must be applied with the same magnitude but 
of opposlte sign to the first and second halves of the array. The correct 
waveforms are then found from the inverse FFT of the corrected array. 
5.2.8 Data Collection 
LabView programs were written for automated control of the probe and to 
collect all the generated data. The main programs used were for rf waveform 
measurements, collecting harmonic data from the lock-in amplifier and col- 
lecting DC and time-averaged I-V characteristics from the Langmuir probe. 
Both ac and dc sources were controlled by the program, while the measure- 
inents were recorded from an oscilloscope connected to the computer through 
a GPIB connection. For the Langmuir trace measurements, a DAQ card was 
used to collect the data, again controlled through LabView. 
For the rf waveform measurements, the dc voltage sweep and scope set- 
tings were all controlled by the program. For more accurate readings, the 
scope was autoset after each voltage increment and the scaling measured 
and adjusted accordingly by the program to provide maximum sensitivity 
for weak signals. The measured rf waveforms were averaged up to a maxi- 
mum of 512 times, but in order for this to be effective, a sufficient time delay 
between voltage increments was included. Results from the callbration are 
read in from a file and used to manipulate the incoming waveforms, thereby 
removing the dlstortlon effects of the probe system. The fundamental phase 
of these signals is measured, and compared with the phase of the reference 
signal, for later manipulation. 
There are various methods of sweeping the voltage signal, however, the 
easiest and most effective in this case is to slmply increment the voltage, 
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average the waveforms sufficiently, capture the waveform data and then con- 
tinue incrementing the d.c. bias voltage. This approach is slow. A faster 
and more accurate data acquisition was not available at the time. 
The rf measurement program also calculates the FFT's and plots rf wave- 
forms against time and bias voltage. RF I-V traces are generated on-screen 
for quick comparison. All data collected is written to a file accessible by 
Matlab for further in-depth analysis. 
5.3 Summary 
The experimental chamber and plasma have been described. Many of the 
experimental difficulties, such as calibration and FFT issues have also been 
pointed out. The design of the probe is also very important, as capacitive 
coupling must be prevented between the plasma and probe body, as the 
only signal that should be measured is the one at the tip. The shielding is 
sufficient to achieve this. 
The fact that the probe no longer acts like a correctly terminated trans- 
mission line when the 50Cl resistor is replaced by the current sensor will 
change the amplitude and phase of the signals measured. The amplitude at- 
tenuation and phase distortion caused by line length must be calibrated out 
so that the measured signals are not distorted by the measurement system. 
The main circuit for data collection uses the lock-in amplifier, dc and rf I- 
V measuring circuits to obtaln the rf I-V characteristics, dc and time averaged 
traces. fi is measured directly, while capturing the full rf waveforms as a 
function of bias voltage also allows all significant harmonics to be measured 
via FFT. 
The phase shifts are problematic for reconstructing correct rf I-V charac- 
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terlstlcs but the methods discussed can be used to overcome thls. 
The data collection system is comparatively slow, but works well enough 
to obtain experimental results largely in agreement with the simulated data. 
The experimental results are explored in the next chapter. 
Results 
In this chapter, the experimental results are presented and compared against 
the simulated data of Chapter 4. The experimental set-ups used to obtain 
these results have already been described in the previous chapter. 
6.1 Measuring A1 
Figure(G.l) shows the second harmonic amplitude as a function of bias volt- 
age for a 26kHz, 10V amplitude oscillation driven on the probe tip through 
that of circuit (5.5). 
Comparing figure (6.1) to the simulated data, the trends are clearly very 
similar. The absolute value of the fi amplitude is the actual measured quan- 
tity. The values shown as dots were obtained by taking account of the ap- 
proprlate polarity at the inflection point, as described previously. 
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Figure 6.1: Experzmental second hamonzc  amplztude versus bzas, measured o n  
lock-zn amplzfier. The probe was dnven wzth a lOV 26kHz szgnal. The absolute 
value is shown also as thzs ss the actual measured signal. 
It was also found that there is a strong discontinuity in the measured 
harmonic phase at the inflection point. This is shown in figure (6.2) for var- 
ious frequencies. This phase change can also be used to clearly determine 
the point at which the harmonic amplitude changes polarity. Near ion reso- 
nance however, the phase response becomes more complicated, as shown at 
1.5 MHz. 
Figure (6.3), shows the I-V characteristics obtained via the I-V recording 
circuit/system. The dc characteristic is obtained using a compensated probe 
with no applied ac probe signal. Technically, because the oscillation ampli- 
tude of the plasma potential is known to be small m this chamber(- 3 V), 
the use of compensation inductors is not totally necessary. However, a slight 
difference between compensated and uncompensated dc traces was observed 
under certain conditions, so for accuracy and repeatability, the compensated 
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Figure 6.2: Experimental second harmonzc phase a s  a functzon of bzas, at warzous 
frequenczes. T h e  dzscontznuzty marks the  change zn polanty  of the f i  szgnal. 
probe was used for all dc traces. 
The time averaged trace was recorded without any compensation. Swap- 
ping between compensated and uncompensated probes was very quick and 
easy, thus the plasma did not change appreciably during the interval. Also, 
because the same probe tip was used, the two resulting traces could be di- 
rectly compared. 
It is clear from figure(6.3) that the dc trace is distorted by the presence 
of the oscillation applied to the probe (11 MHz in this case). Although, the 
oscillation amplitude is not excessively large relative to the approximate elec- 
tron temperature value of 4.5eV, the time-averaged effect is still significantly 
pronounced. 
As explained in previous chapters, the theory suggests that subtracting 
fi(V) from Ia,,(V), should correct for the time-averaged distortion and re- 
veal the undistorted effective dc trace. This is clearly proven in figure(6.3). 
The agreement is excellent. The electron temperatures calculated from the 
effectlve dc trace and the corrected trace were measured and compared. The 
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3 50E03 1 Corrected I-V cbaracterisfics 
Figure 6.3: Experzmentally mcasurcd dc and tenc-averaged characterzstzcs. T h e  
corrected trace, I,,, - fin,, zs shown to replzcate the dc trace very accurately. The  
ampletude and frequency of the applzed osczllatzon are 10V and 11MHz, respectzvely. 
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difference was less than 0.4 eV approximately. However, due to the inac- 
curacy of the current measurements in both dc and corrected traces it was 
difficult to determine accurate T, measurements. 
6.1.1 Frequency Effect on experimental A1 
Flgure (6.4) shows the effect of frequency on the measured fz(V) signals. 
The result at 1.5MHz is extremely distorted and is not shown to maintain 
clarity of the figure. wpson was calculated to be approximately 1.5MHz for 
these plasma conditions, so the distortion must be due to ion resonance. Ion 
resonance is known to be quite broad, so the results between 400kHz and 
2MHz are in agreement with this as they do not have the predicted shape of 
AI(V). The results outside of resonance, at 26 kHz and 4.5 MHz are in good 
qualitative agreement with the simulation and show clear inflection points. 
3 OOE-04 1 f2 as a funcbon of frequency 
Figure 6.4: Abs(f2) versus bias, as a functzon of probe osczllatzon frequency 
Aside from illustrating the resonance condition, figure (6.4) also shows 
that the behaviour of AI(V) does not change significantly at high frequencies. 
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The only obvious difference is that the inflection points are shifted to higher 
bias voltages at higher frequencles(outs~de of resonance). 
It should be noted here that some polnts on figure (6.4) appear negative 
at low voltage, eventhough the absolute values are used, thls is due to an 
offset error on the lock-in amphfier, caused by stray current coupling through 
the grounded shield. Generally, this error was relatively small and did not 
represent a major problem. 
The approximate value of the oscillation potential is given by the bias 
separation between the AI(V) peak-to-inflection points. This can be clearly 
seen in figure(6.4) 26 kHz results, where the oscillation was 10 V. For low fre- 
quencies, the oscillation amplitude is approximately predicted, but at hlgher 
frequencies the results mdicate that the oscillation amplitude has increased. 
T h ~ s  may be due to errors in calibration. 
3.50E-04 1 lave - Idc a s  a function of frequency 
Figure 6.5: Change in AI(V) (I,,,(V) - Ioc,,(V)) as a functzon of frequency. 
IDC i s  unchangzng, so the tzme-averaged charactenstzc zs clearly a function of 
freqzlency, as expected. 
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Assuming fz(V) replicates AI(V) reasonably accurately, then any changes 
in f2(V) as a function of frequency (figure 6.4) must also be apparent in the 
resultant time-averaged traces. To put these changes in context, the time- 
averaged and dc traces were recorded under the same conditions, as a function 
of frequency. The actual AI(V) curve is given by Ia,,(V) -  ID^,,, (V), these 
are shown in figure(6.5). 
The most important point to note from figure (6.5) is that the low and 
high frequency cases are again in approximate agreement with each other but 
near ion resonance (2 MHz data), there is a clear deviation away from the 
low and high frequency AI(V) results, particularly in the electron saturation 
region. 
This implies that resonance affects both the f2(V) amplitude and the 
time-averaged I-V characteristic. However, fi(V) # AI(V) near resonance, 
so this suggests that the sheath-generated time-averaged components are no 
longer directly coupled to the harmonic amplitudes. 
A direct comparison of AI(V) and fz(V) at high frequency is shown in 
figure(6.6). 
The greatest error between AI(V) and f2(V) occurs at the peak ampli- 
tudes. The simulation shows that including the amplitude of the 4th harmonic 
should reduce this error, but experimentally the 4th harmonic was found to 
be negligibly small. Therefore, the reason for this discrepancy between AI(V) 
and f2(V) is unclear. 
The simulation was also used to demonstrate the effect of removing the 
phase-dependant ion current, which experimentally, occurs at high frequency. 
Because the current is mainly dominated by electrons, removing the ion 
current has little effect on the overall nature of the AI(V) curve. This is 
effectively demonstrated in figures (6.4) and (6.5) by the fact that both low 
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Figure 6.6: AI,,,,,(V) compared wzth fz(V), at hzgh frequency (11 MHz). Thzs 
is the f2(V) curve used to compensate the traces shown zn figure(6.3) 
and high frequency results are very similar at low bias voltages. 
6.1.2 Amplitude effects on A1 
The amplitude of applied oscillation was incremented at the end of each 
complete dc bias scan, while frequency was held constant. The results are 
plotted in figure(6.7) for a frequency of 5 MHz. 
The peak values of f2(V) current scales linearly with oscillation ampli- 
tude. When the results are normalized for amplitude differences, it can be 
shown that the 'structure' of each curve is very similar. Only sllght differ- 
ences occur due to the fact that at the higher oscillation amplitudes, more 
regions of the I-V curve are explored. This is exactly as expected and shows 
that fundamentally the amplitude of oscillation has no detrimental effect on 
this analysis (as it does in the case of the ax.  technique for EEDF measure- 
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f2 amplttudes vs bias,== a function of oscilla+Jon amplitude 
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Figure 6.7: Effect of zncreased amplztude of osczllatzon o n  the A I  curve. 
ments). 
It should be pointed out that the amplitudes shown on figure(6.7) are 
only the input oscillation values. The bandwidth of the amplifier effectively 
reduced the actual oscillation at the probe tip but the precise values are not 
important here. 
6.1.3 Effect of collection area on A1 
By changing the tip size, it is possible to change the total sheath impedance 
and also the ratio of capacitive to real current The effect of this is demon- 
strated in figure 6.8. 
The tip lengths used were 8mm, 4mm and 2mm approximately. The 2mm 
results are not shown as the high frequency measurements for small collection 
areas were unreliable. Thls is because the higher frequency results are much 
more susceptible to errors due to the offset current effect mentioned above. 
This problem is enhanced for smaller tip sizes and higher frequencies, as the 
signal to noise ratio decreases. Again, the apparent deviation into negative 
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Figure 6.8: Effect of changzng tzp szze on AI. Shown at low and hzgh frequency. 
values in figure (6.8) is only an experimental error due to this "offset current" 
problem. 
At 8mm the results show that for the higher frequency of 7MHz, the 
fi(V) curve is wider than at 26kHz. This trend is repeated as tip length is 
halved. Thus illustrating again the slight change in behaviour of the f2(V) 
response at higher frequencies. The shape of fi(V) also clearly changes as a 
function of tip size for each frequency, thus indicating that the signal is not 
simply halved because the collection area is halved, but that the nature of 
the impedance itself is actually changed. This demonstrates a change in the 
ratio of displacement to real current. 
6.1.4 Effect of pressure changes on A1 
The pressure was varied after each fi(V) curve was collected. Figure(6.9) 
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-5 OOEU5 J Bias Voltage IV 
Figure 6.9: Effect of changing the gas pressure on AI. Shown at hzgh fre- 
quency (7MH.z). 
shows how both the peak and inflection points of the f2(V) curves appear at 
lower bias voltages as pressure increases. The actual shape of the curve does 
not change significantly over this pressure range. The pressure variation is 
quite small however, 1.5 x - 10 x mBar (1.125 - 7.5 mTorr) as the 
operating conditions were not very stable outside of this range. Neverthe- 
less, a clear trend is observed. This also demonstrates how a small change in 
operating pressure during repeated measurements may cause a relatively sig- 
nificant change in the AI(V) curve. This may help explain some experimental 
inaccuracies. 
The simulation was used to better understand these results. A change 
in pressure causes a change in plasma density and electron temperature. 
If the electron temperature is increased, then the dlstortlon effect of the 
same oscillation amplitude will be reduced (smaller A1 amplitude), while an 
increase in density causes a linear increase in total current (and AI). Using 
the simulation it was found that the observed shift along the bias axis could 
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be replicated by a change in electron temperature, as shown by the simulated 
data of figure(G.lO), where T, was varied for a fixed oscillation amplitude of 
10 V and a constant density of 8 x 1015m-3. 
Figure 6.10: Szmulated e fec t  of AI(V) as a functzon of Te. 
The exact AI(V) curve is thus particularly sensitive to  electron temper- 
ature. 
6.1.5 Experimental RF I-V and Phase-Dependant Char- 
acteristics 
Figure(G.11) shows the experimentally obtained rf I-V characteristics at 0.2 
MHz. 
As figure (G.ll(top)) shows, the t = O  trace yields AI(V) (highlighted by 
dots). This is inverted and expanded in figure (6.12). As can be seen, its 
shape is very similar to  the expected AI(V) curve. This reconstructed AI(V) 
curve was added to the raw rf I-V characteristic to reveal the modified rf 
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Figure 6.11: Expenmental R F  I- V charactenstzcs, 200lcHz, 1 0V osczllatzon am- 
platude: (Top) Raw R F  I- V characterzstzcs from measured waveform data. (Bot- 
tom)  Modzfied RF I-V characterzstzc wzth AI  zncluded. The  t = 0 trace from the 
raw RF I-V characteristzc (top) was used to obtazn AI. 
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Figure 6.12: Experzmentally reconstructed A I f r o m  the t=O trace of the raw R F  
I-V characterzstzcs shown zn figure(6.ll(left)). 
characteristic of figure (6.1l(bottom)). From this, the amplitude of oscilla- 
tion is observed from the separation of the positive and negative peaks on 
the bias axis, exactly as predicted by the simulation. The correct amplitude 
of 10 V is clearly indicated. 
Figure (6.12) also illustrates another prediction of the model - that the 
difference between the peak and Inflection points on the AI(V) curve should 
also give the amplitude of osc~llation. This is found to be approxiinately true, 
as a value of just over I1 V is found, instead of the correct value of 10 V. The 
data is noisy however, due to poor averaging and small signal amplitudes, but 
even so, the results are in excellent agreement with the simulated predictions 
for this technique. 
The 200 kHz phase-dependant I-V characteristics of figure (6.13) are ob- 
tained by adding the data of figure (6.1l(top)) to the time-averaged I-V 
characteristic shown as circles. Again this compares well with the simulated 
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Figure 6.13: Ezperzmentakly reconstructed phase-dependant cha~acter is t zc~ at 
200kH2. The solzd lznes represent the I- V Cha~acter i~tzC~ at each poznt zn phase of 
the osczllatzon. The crrcles mark the positzon of the tzme-averaged trace, whzle the 
dots are the dc (t=O) trace. The phase-dependency zs created by the addztzon of  
I,,, and the rf current of figure (6.11(top)). 
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Figure 6.14: Experzmental RF data at 13.56 MH? wzth un-dnuen probe: (Left) 
Raw RF waveform data as a functzon of bzas. (Right) Phase-shzft zn the measured 
fundamental waveform as a functzon of bzas. 
predictions, demonstrating that this new technique can yield important data 
in a relatively simple way. Unfortunately, this data was too noisy to accu- 
rately obtain the phase-dependant plasma potential from the second deriva- 
tives, or indeed other phase-dependant parameters. A data collection system 
with better resolution and averaging would greatly improve the results. 
Phase-dependant characteristics were also obtained at higher frequencies, 
up to 13.56 MHz, however, because the probe is driven, the stray current 
became excessive, making reliable measurement;s impossible. The double- 
shielded probe should overcome thls effect but was found to produce spurious 
signals as the reflected power caused the output of the signal generator to 
vary. To demonstrate the feasibility of this technique at higher frequencies, 
an un-driven probe was used to measure the 13.56 MHz plasma current. 
The raw rf waveforms at 13.56 MHz are shown in figure (6.14 (left)) as 
a function of bias voltage, while the associated phase-shift measured on the 
fundamental (13.56 MHz) as a function of bias voltage is shown in figure 
(6.14 (right)). 
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Figure 6.15: Expenmental RF I-V charactenstzcs at 13.56 MHz wzth un-dnuen 
probe (Left) Raw RF I- V characterzstzcs from measured wavefomn data. (Right) 
Phase-corrected RF I- V characterzstzc. 
F~gure (6.15) was constructed from the data of figure (6.14(left)) and 
shows the 13.56 MHz rf I-V characteristics before and after phase-shift cor- 
rection. The corrected data appears to be less noisy because the correction 
procedure re-buzlds the waveforms with the appropriate amplitude and phase 
at each harmonic. This procedure was explained m 5.2.7. 
Phase-dependant I-V characteristics at 13.56 MHz are shown in figure 
(6.16). The effective dc trace was measured w ~ t h  a compensated probe and 
is highlighted by dots. 
The oscillation in the plasma potential was measured with a large-area 
floating probe and found to less than 5 V amplitude. The relatively small 
osciilat~on potential produced smaller currents than the driven probe in pre- 
vious experiments, so higher averaging was required to measure clean signals. 
Also, the increased averaging made the scan times longer so plasma stabil- 
ity was an issue. The fact that the oscillation potential was small and the 
bias voltage increments relatively large meant that the plasma osc~llation 
potential could not be resolved accurately. 
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Phase-dependant I-V characterlstlcs at 13 56 MHz 
Figure 6.16: Experzmental 13 56 MHz phase-dependant I- V charactenstzcs. The  
dots represent the effective dc charactemstzc, measured wzth a compensated probe. 
Similar looking results are obtained in the model when the amplitude of 
the harmonics are artificially reduced. This suggests that the harmonics in 
the high frequency experimental case are somehow less than expected. The 
reason for this is the fact that the capacitive displacement current across the 
sheath mcreases as a function of frequency, thus swamping out the desired 
harmonic content of the conduct~on current to the probe. At lower frequen- 
cies thls 1s not a major issue, but at 13.56MHz the capacitive couplmg across 
the sheath is significant. The time-averaged displacement current is zero, 
however, because we are looking at the phase-dependant current, it causes 
some distortion of the measurements. 
It is possible to separate the conduction and displacement currents to  
the probe by measuring the rf voltage, current and phase, as shown by [51] 
and [49]. However, due to time constraints this has not been attempted yet 
for these particular measurements. It can only be assumed at this point 
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that separating the currents will reveal the true conduction current and the 
associated harmonics, thus allowing this technique to be used accurately at 
high frequencies. 
6.2 Summary of Experimental Results 
The results clearly demonstrate the validlty of the technique, particularly at 
low frequency where the ions can still respond to the oscillation of the sheath. 
At higher frequencies, the exact behaviour cannot be predicted by the model, 
but it was expected that, for reasons given earlier, the theory should still be 
valid. This appears to be true, as excellent experimental compensation was 
achieved beyond lOMHz, using only the fi(V) amplitude. 
Almost all of the data recorded showed excellent results in the exponen- 
tial region, but sometimes deviated from the ideal beyond this. Even so, the 
deviation is not excessive and at least some level of correction is still main- 
tained in the electron saturation region of the curve. Thus, using I,,,(V) - 
AI(V) allows the correct dc characteristic to be determined. The results are 
therefore in excellent agreement with the theory. 
The phase-dependant results show that, infact, it is un-necessary to mea- 
sure the individual harmonics, as k~,,,, (v eh, 4) + Iave = jtotal(V, R h ,  4). 
This is the most important aspect of this work, as it clearly shows that phase- 
dependant characteristics can be obtamed in an extremely simple manner. 
This method is both simpler and more powerful than the originally proposed 
method of summing the harmonic amplitudes to measure AI. 
Unfortunately, the data-sets were too nolsy to accurately recreate the 
plasma oscillation waveform or to accurately measure phase-dependant pa- 
rameters, such as, T,(4), n,(4) and f (E, 4). Greater averaging is needed and 
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also smaller bias voltage steps. Both of which were reduced to decrease the 
scan times in the hope of a more stable operating window. A faster more 
accurate set-up would eliminate these issues, thus providing a very powerful 
plasma diagnostic. 
CHAPTER 7 
Conclusions 
In this final chapter, the experimental results will be discussed and conclu- 
sions drawn about the use of this new technique. This leads on to a dlscusslon 
on further work and development of the technique for improved results and 
new areas of investigation 
7.1 Analysis of Results 
Overall the results are m good agreement with the theory presented in the 
earlier chapters. From the original work of Sloane and McGregor[37], and 
those who developed their ideas further, it was initially expected that the 
technique might only work at low frequency, where the ions can respond. 
This perception comes about because the a.c. superimposed technique relies 
on low frequencies and small oscillation amplitudes. From our analysis, it is 
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7.1 Analysis of Results 
due to experimental issues, such as, a result of plasma depletion near electron 
saturation. 
Eventhough the actual AI(V), i.e. Ia,,(V) - IDc(V), was not replicated 
precisely by the f2(V) amplitude over the entire bias range, in all cases, apply- 
ing fi(V) as a form of compensation resulted in significantly less distortion, 
and therefore, much more accurate results. Also, it should be pointed out 
that t o  determine the accuracy of this technique, an accurate dc measure- 
ment is necessary for comparison. If this measurement is even slightly in 
error, it will make the f2(V) measurements appear incorrect. 
Clearly, at high frequency the resultant measured waveforms are entirely 
due to electron current. The effect of this is assumed to be negligible because 
the ion current is so small in comparison to the electron current. Also, it is 
known that the time-averaged effect of an oscillation has less influence near 
ion saturation, where the curve is more lmear. Outside of ion saturation the 
electron current dominates, so the error in neglecting ion current is expected 
to be small. 
The simulations also show that whether or not the ion current is included 
has little effect on AI(V), however, because the model does not replicate 
the true effects of frequency on the I-V characteristic, it may be worth fur- 
ther investigation as to what extent ion current has an effect. Nonetheless, 
the results show excellent compensation abllity even at high frequencies, so 
the assumption of negligible ion current effect seems valid, at least for the 
frequencies and amplitudes tested. 
The amplitude of oscillation for most of the experlmental results was 10V 
amplitude. This is relatively low, at just over a factor of 2 times the average 
T,. This is probably why the second harmonic alone was sufficient to achieve 
good compensation. The fourth harmonic was usually found to be negligible. 
7.2 Experimental Set-up and Simulation 
However, the simulation shows that the forth harmonic zs significant under 
approximately the same conditions. This discrepancy may arise because of 
the difficulty in simulating an exact experimental characteristic. A more ac- 
curate comparison between the experiment and simulation could be achieved 
by applying a fitting curve to the experimental trace and usmg this shape in 
the simulation. This would reveal if the measured signals are the same as 
those predicted by theory. The code needs to be modified slightly before this 
can be attempted. 
7.2 Experimental Set-up and Simulation 
Firstly, the simulation, although simply constructed from basic analytical 
equations, has proven to be an invaluable and powerful tool. Many of the 
ideas and developments presented in this thesis would not have been dis- 
covered without the aid of the simulation. Developing a more sophisticated 
model to include the actual effect of frequency and the noil-linear capacitance 
would require a detailed theory of the high frequency sheath around a small 
probe. This is a far more difficult task. 
The experimental set-up was also proven to be fairly effective. The lock- 
in amplifier, in particular, allowed relatively easy measurement of the second 
harmonic amplitudes as a function of bias voltage. This set-up also allowed 
the frequency and amplitude of the oscillation to  be varied. This was crucial 
to proving the validity of the technique. 
Measuring the rf waveforms with the current sensor and oscilloscope was 
found to be more difficult than expected, but almost all these difficulties 
were caused by the particular equipment used. The averaging was sufficient 
to provide relatively accurate waveform data, however, this was quite slow 
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and resulted in scans that usually lasted over 3 minutes. For smaller voltage 
steps, sufficient to recreate the plasma oscillation, the time required per scan 
was excessive. 
Aside from possible errors caused by changing plasma conditions over 
time, there may be distortion problems at or above the plasma potential due 
to electron depletion around the probe tip. Because of the long scan times, 
the probe must draw saturation current for a relatively long period. With the 
low plasma densities of thls system, depletion is a definite possibility, par- 
ticularly for larger tip sizes. Using a separate floating probe, a slight change 
in plasma potential was observed as electron saturation was approached. 
However, the difference was not excessive. More accurate measurements are 
required to determine if this is a source of significant error. 
Using the equipment available, the maximum amplitude of oscillation 
during automated data collection was 10 V. For future investigations this 
should be increased to levels observed in capacitive discharges. Applying 
the technique to a plasma that is known to have a large oscillation potential 
would be beneficial as it would eliminate problems caused by driving the 
probe with a.c., however in this case, frequency and amplitude effects could 
not be explored as easily. 
7.3 Phase-Dependant Measurements 
Although phase seems like an arbitrary parameter, the simulation shows that 
it has a significant effect on the analysis, particularly when more than one 
harmonic is used for the AI(V) reconstruction. The mathematical analysis 
also shows that although the magnitudes of the even harmonics may be 
independent of phase, their sum is not. Reconstructing the exact AI(V) 
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curve is thus more difficult than theory predicts, but it is possible. Also, 
the discovery that the (t = 0) curve of the rf I-V characteristic gives AI(V) 
exactly is extremely important, as it simplifies the problems with measuring 
harmonics individually. 
Another important and interesting point is that the AI(V) curve obtained 
at t=O from the rf I-V characteristic of figure (6.12), shows no obvious sign of 
di~t~ortion due to resonance. When fi(V) is measured at the same frequency 
(200 kHz) under the same conditions, a clear resonance effect is observed. 
Thus, it is clear that the effect of resonance is not well understood in terms of 
this technique. Having said that, in general, the resonance coudltlon can be 
be avoided so should not represent a problem in commercial plasma systems. 
Of most importance is the fact that, for the first time, complete phase- 
dependant characteristics are obtainable in a simple manner, at least for 
frequencies less than 13.56MHz. The traditional langmuir probe circuit re- 
quires only the addition of a synchron~zed rf current sensor to record phase 
resolved I-V characteristics. Studying the phase-dependant nature of the 
characteristic may help develop more accurate theories of probe behaviour 
in rf plasma, and ultimately a better understanding of plasma behaviour in 
general. 
At higher frequencies the effect of the displacement current must be taken 
into account and/or removed. It should also be noted that it is unclear how 
the non-linear capacitance of the sheath will affect the displacement current. 
This must also be considered. More measurements are needed. 
7.4 Further Possibilities 
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Many new possibilltles arise from this work, some of these are presented here: 
Commercial System: 
The experimental methods presented were found to be adequate for demon- 
strating the ideas and techniques developed, however, there were many issues 
with accuracy. A specific system designed purely for measuring the the rf 
data and generating the rf I-V characteristics would be fairly simple to imple- 
ment. Accurate FFT's could be generated at the current sensor itself, while a 
digltal output from this could be analysed by on-board software. This would 
allow rapid scans and much higher averaging capabilities. Accurate compari- 
son of the phase-dependant parameters should then be possible, even at very 
high frequencies beyond which existing methods are capable of measuring. 
Second Harmonic Only Compensation: 
In many situations, rf inductors will still be required to prevent the rf sig- 
nals from reachlng the bias supply and also to prevent the rf current flowing 
through the probes low impedance to ground It has been shown that the 
magnitude of AI(V) is a function of the oscillation potential, therefore, mea- 
suring the fz(V) amplitude of any compensated probe will reveal exactly how 
'compensated' it really is. Clearly, if f2(V) << Iaver then the compensation 
must be sufficient. Thus, fi(V) can be used as a validator for fully compen- 
sated probes. Subtracting the measured fz(V) signal wlll further increase 
the probes compensation ability if necessary. 
This may be extended further by looking at how traditional compensa- 
tion works in the first place. The inductors essentially block the fundamental, 
which would otherwise cause oscillation of the sheath current. It is this os- 
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clllatlon that causes the time averaged distortion, so the inductors attempt 
to cut off the sheath oscillation at the source. This requires that the induc- 
tor impedance be much larger than the sheath impedance, whlch is difficult 
to achieve and was one of the main reasons for this work. However, as 
the harmonic analysis shows, only the even order harmonics are capable of 
creating a non-zero time-averaged value, therefore, the sheath can oscillate 
wlthout causing distortion, as long as the even harmonics are removed. At 
f i s t ,  this may seem like a trivial substitution, as now we need to block the 
second harmonic (mainly) as opposed to the first, however this has its ad- 
vantages. Because the second harmonic is twice the fundamental frequency, 
its impedance at the sheath is halved. So immediately, the required inductor 
impedance is reduced significantly (by around 10 times) 
Usually, when multi-harmonic compensation is used on a probe, the idea 
is to block all the oscillating components in the plasma oscillation, such as, 
fundamental( f i )  and second harmonic(f2) of the driving frequency. However, 
the simulation shows that for non-sinusoidal inputs, the higher even order 
harmonics of all the input signal frequencies are needed. This has never been 
seen in the literature. The apparent success of multi-harmon~c compensation 
is then mainly due to the fact that the second harmonic of the fundamental 
contains many of the higher even order contributions. 
This compensation will therefore be insufficient when the ratio of (f2/ fi) 
Increases. A large second harmonic component in the plasma oscillation will 
therefore require significant impedance at the 4th and 6th harmonics. This 
suggests that rf compensation is even more complicated than previously ex- 
pected, especially when the plasma oscillation is non-sinusoidal, which is 
often the case. The technique presented in this thesis is therefore a slgnif- 
cant simplification. 
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7.5 Final Summary 
Since the Langmuir probe was invented, over 80 years ago, its main at- 
traction has been the simplicity of its design and the wealth of information 
it is capable of retrieving. However, since the advent of radio-frequency dis- 
charges, the s~mplicity of the probe itself has been lost along the way and 
more complex methods and systems have been developed to overcome its 
inherent problems. The work in this thesis shows that the simplest of probes 
can actually be used in situations where it was previously disregarded, but 
also, can now be extended to create an even more powerful diagnostic tech- 
nique. 
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